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ABSTRACT OF THE DISSERTATION 
The Evolution of Igneous Rocks on the Moon: Insights from Lunar Meteorites and Apollo 12 
by 
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Doctor of Philosophy in Earth and Planetary Sciences 
Washington University in St. Louis, 2017 
Dr. Bradley Jolliff, Chair 
Dr. Randy Korotev, Co-Chair 
 
 
Lunar samples are the “ground truth” that anchor our knowledge of lunar geology. Lunar 
rocks present many challenges in that they are often brecciated (composed of multiple rock 
types), and their location of formation on the Moon is not always known. The brecciated nature 
of lunar samples also has advantages – multiple lithologies that have a related petrogenetic 
history can occur in the same sample, allowing us to trace the petrogenetic history of evolving 
magmatic systems. In this dissertation, I examine two evolved magmatic systems, using samples 
from the Northwest Africa (NWA) 773 clan of lunar meteorites and Apollo 12 sample 12013. 
The NWA 773 clan is a group of twelve meteorites that are known, through bulk 
composition and mineral chemistry, to be geochemically and petrogenetically related. This work 
uses samples of six of these meteorites: NWA 773, NWA 2727, NWA 3160, NWA 3170, NWA 
7007, and NWA 10656. These meteorites are variably composed of four lithologies (olivine 
gabbro, anorthositic gabbro, ferroan gabbro, olivine phyric basalts) and an immature regolith 
breccia. These lithologies represent a unique opportunity to study an inferred magma chamber on 
the Moon with both intrusive and extrusive lithologies. This work details the petrography and 
x 
 
mineral chemistry of the intrusive lithologies and, through petrologic modeling, explores the 
possibility that they formed along a common liquid line of descent.    
Apollo 12 sample 12013 is a polymict breccia that is broadly composed of dark and light 
breccias. This work uses instrumental neutron activation analysis to determine that the 12013 
system is a three-component system that includes a granitic component, a rare earth element - 
rich component, and a mafic component. Each of these three components has a distinctive 
petrography and geochemistry, which are explored here in order to determine their parent 
lithologies and petrogenesis. This work discusses the possibility that the three components of 
12013 are related in a highly evolved magmatic system on the lunar surface either through 
silicate liquid immiscibility, bimodal volcanism, or a combination of both.
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Chapter 1: Introduction to the Dissertation 
 
Lunar samples are crucial for our understanding of geological processes on the Moon. 
The 382 kg of samples returned from the six Apollo missions that landed on the lunar surface 
have drastically shaped our understanding of the formation and evolution of the Moon. In 
addition, the discovery of lunar meteorites that originate from locations across the lunar surface 
has given us a global view of lunar geology. Many lunar samples are polymict breccias; that is, 
during impact processes, rocks with various lithologies and mineral fragments have been broken 
up and cemented together with a finer grained matrix and formed into a coherent rock by either 
shock compression or impact-melting. The brecciated nature of lunar rocks presents challenges 
to understanding their history. The impact process can melt minerals and rocks and reset their 
geologic ages, making the protolith, or parent lithology, unclear. However, studying polymict 
breccias also has advantages. If more than one lithology is impacted during the impact process, 
multiple rock types can be incorporated into the breccia, thereby sampling multiple geologic 
units and allowing us to trace the geologic history of a particular region on the Moon. This is the 
case for the lunar samples used for this work, which come from both the Apollo and meteorite 
sample collections, introduced below. The Northwest Africa (NWA) 773 clan of lunar meteorites 
is inferred in this work to have sampled different depths of a shallow magma chamber, tracing 
the evolution of a lunar magma from early-formed, magnesian lithologies to a late-stage ferroan 
lithology. Apollo 12 sample 12013 contains multiple lithologies that may trace the latest stages 
of magmatic evolution on the lunar surface.  
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1.1 Lunar Meteorites and the NWA 773 Clan 
 At the time of this writing, there are 288 named lunar meteorite stones, the first of which 
was discovered in Antarctica in 1979, seven years after the last Apollo mission. Unlike the 
Apollo and Luna sample collections, lunar meteorites come from unknown locations on the lunar 
surface, although we can infer the region of origin for some lunar meteorites by comparing their 
composition with compositions of the lunar surface as determined from orbiting spacecraft (e.g., 
Gnos et al., 2004). The Apollo and Luna missions sampled only a small region of the nearside 
lunar surface, and most samples come from what we now know to be a compositionally 
anomalous region of the Moon, the Procellarum KREEP Terrane (Jolliff et al., 2000). In contrast, 
the lunar meteorites were launched from randomly distributed sites on the lunar surface, and are 
therefore more representative of the range of lithologies and compositions present on the Moon 
than the Apollo and Luna sample collections (Korotev and Ziegler, 2014).  
 The NWA 773 clan comprises 12 lunar named meteorite stones broken into 30 
separate pieces that have been found in Saharan Africa over the course of 16 years. The total 
mass of the NWA 773 clan stones is 2.9 kg. The first stone, NWA 773, was found in 2000 in the 
Western Sahara Desert (Met. Bull. 85, 2001). Our working hypothesis is that all these meteorites 
derive from a single unit of breccia on the Moon. As is common, the stones may be paired in the 
terrestrial sense – all are fragments of a single rock that made the Moon-Earth trip and broke 
apart in the atmosphere, creating a strewn field on the ground (e.g., Clarke, 1970). This scenario 
is not supported by the (possibly erroneous) reported find locations, which are much too far apart 
(Fig. 1.1) for a meteorite strewn field (typically not more than a few tens of kilometers long; 
Clarke, 1970; Borovička et al., 2013). One explanation for the distance among the find locations 
is that the stones may instead be launch paired – several rocks launched from the Moon by a 
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common impact, several of which landed in northwestern Africa. Although a coincidence, there 
is precedent with the Queen Alexandra Range 94281, Yamato 793274/981031, and Elephant 
Moraine 87521/96008 basaltic lunar meteorites from Antarctica (Korotev and Zeigler, 2015). 
Because of the pairing ambiguities, we refer to the stones as a “clan,” following the precedent of 
Ziegler et al. (2007) and Jolliff et al. (2007). The NWA 773 clan is unique from other known 
lunar rocks. The meteorites represent a very-low-Ti (VLT) volcanic system that is low in Na2O 
and Eu and high in incompatible trace elements compared to other lunar basalts. In addition, 
these meteorites represent young volcanism on the Moon (~3.1 Ga; Zhang et al. 2011; Shaulis et 
al. 2012; Shaulis et al., 2013).   
 
Figure 1.1. Reported find (pinpoint) and purchase ($) locations of the NWA 773 clan meteorites. The 
distance between the two farthest find locations (Anoual and NWA 773) is 1165 km, much larger than 
a typical strewn field. 
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1.2  The Apollo 12 Mission and Samples 
 The Apollo 12 landing site (3°2’S, 23°2’W) was chosen largely for political rather than 
scientific reasons, that is, to demonstrate the capability of a precise lunar landing. As such, the 
landing site location on the smooth mare surface of Oceanus Procellarum was a safer option and 
allowed a touchdown within walking distance of the deactivated Surveyor 3 spacecraft, proving 
the capability of undertaking a pinpoint landing. The geology of the Apollo 12 landing site is 
described in detail in Shoemaker et al. (1970). Despite not having science as a primary goal, the 
Apollo 12 mission returned key samples that changed our understanding of the formation of the 
 
Figure 1.2. The four breccia samples (green squares) collected during the Apollo 12 mission plotted with 
the 2-4 mm soil fragments from the Apollo 12 regolith from Korotev et al., 2011. Samples 12034, 12073, 
and 12010 are regolith breccias with a significant mare component. Sample 12013 is unique in that it has 
elevated incompatible elements concentrations and a significant non-mare component. Rock sample data 
from the Lunar Sample Compendium (Meyer, 2012). FHT = feldspathic highlands terrane.+  
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Moon. Apollo 12 returned 34.4 kg of lunar material. Twenty-two of the numbered Apollo 12 
samples are soils, 43 are mare basalts, and 4 are breccias (Lunar Sample Compendium). Three of 
the four breccia samples are regolith breccias with a significant mare component (Fig. 1.2). The 
fourth breccia sample, 12013, is unique in that it has elevated incompatible trace element 
concentrations and a significant non-mare component and granitic material.  
 Upon initial examination of the Apollo 12 samples, the significance of 12013 was 
realized. Sample 12013 became the first known rock to contain a KREEP component. KREEP is 
a chemical component on the Moon that is enriched in incompatible elements such as potassium 
(K), the rare earth elements (REE), and phosphorus (P). The discovery of this chemical 
component, had a profound impact on our understanding of the formation of the lunar crust. 
KREEP is thought to be the late-stage residuum of a nearly crystallized lunar magma ocean 
(Wood, 1972; Warren and Wasson, 1979). The chemical signature of KREEP is found in many 
lunar samples (including the subjects of this work – sample 12013 and the NWA 773 clan) as an 
elevation in incompatible trace elements, and an elevated ratio of  LREE (light REE) over HREE 
(heavy REE). 
1.3  Topics of the Dissertation 
 This dissertation explores the petrography and petrogenesis of two evolved lunar 
magmatic systems – the NWA 773 clan and Apollo 12 sample 12013. This work uses bulk rock 
analyses done by instrumental neutron activation analysis (INAA) and mineral analyses done by 
electron probe microanalysis (EPMA) to explore the chemical relationships among the 
lithologies that occur in these samples.  
 Chapter two reports the petrography, mineralogy, and geochemistry of the gabbroic 
lithologies that occur in the NWA 773 clan: olivine gabbro (OG), anorthositic gabbro (AG), and 
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ferroan gabbro (FG). Each of the gabbroic lithologies is distinct in its petrography and 
geochemistry. This lithological assemblage is not found in the Apollo or Luna sample 
collections. For this work, six lunar meteorites were examined by EPMA, which are variably 
composed of the above lithologies: NWA 773, NWA 2727, NWA 3160, NWA 3170, NWA 
7007, and NWA 10656. This chapter uses the mineral chemistry of the various lithologies to 
trace the chemical evolution of a potential source magma chamber on the Moon.  
 Chapter three focuses on Apollo 12 sample 12013. This complex breccia has been studied 
petrographically in detail by several early authors, and it was concluded that 12013 is composed 
primarily of black and gray breccia, along with a granitic lithology. (Albee et al., 1970; Drake et 
al., 1970; James, 1970; Quick et al., 1977, Quick et al, 1981). This work aims to determine the 
compositional end-members that occur in the 12013 breccia. To do so, previously un-studied 
fragments of 12013 were obtained for INAA. The INAA data define the 12013 breccia as 
composed of three components – a granitic component, a mafic component, and an REE-rich 
component. Each of these components has a distinct petrography and chemistry. The granitic 
component commonly occurs as patches within the REE-rich and mafic components, though 
granitic material is much more pervasive in the mafic component. Mineral chemistry and 
assemblage are used to compute bulk compositions of the mafic and REE-rich components in 
order to determine the protoliths of these components. We consider possible formation 
mechanisms for the 12013 breccia, including silicate liquid immiscibility and bimodal volcanism 
with partial melting of a fertile protolith  
1.4  Statement of Labor 
 In this dissertation, unless otherwise noted, all electron-probe microanalysis (EPMA), 
backscattered electron imaging, quantitative mapping, and X-ray mapping was done by Sarah N. 
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Valencia with the assistance of Paul Carpenter. The instrumental neutron activation analysis 
(INAA) in Chapter 2 was done by Dr. Randy Korotev. The fused bead work in Chapter 2, both 
making the fused beads and applying EPMA was done by Dr. Ryan Ziegler. The INAA in 
Chapter 3 was done by Dr. Randy Korotev with the assistance of Sarah N. Valencia, who did the 
pre-analysis work and assisted with INAA measurements. All bulk composition modal 
recombination calculations were completed by Sarah N. Valencia. Petrologic modeling 
completed in MELTS was done by Sarah N. Valencia under the guidance of Dr. Brad Jolliff and 
Kelsey Prissel. The initial impetus for the work was provided by Dr. Brad Jolliff and Dr. Randy 
Korotev. 
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Chapter 2: Petrography and Relationships of 
the Gabbroic Lithologies in Northwest Africa 
773 Clan Members NWA 773, 2727, 3160, 
3170, 7007, and 10656 
 
ABSTRACT 
The Northwest Africa (NWA) 773 clan stones are coarse-grained lunar meteorite breccias 
that provide an opportunity to examine an igneous system on the Moon that includes intrusive 
and extrusive lithologies, possibly related through a common liquid line of descent. This study 
focuses on the olivine gabbro (OG), anorthositic gabbro (AG), and ferroan gabbro (FG) 
lithologies variably contained in NWA 773, NWA 2727, NWA 3160, NWA 3170, NWA 7007, 
and NWA 10656. The OG lithology is an olivine cumulate composed of olivine, pyroxene, and 
plagioclase with accessory ilmenite, chromite, troilite, K-feldspar, baddeleyite, apatite, and 
merrillite. The AG lithology is uniform among the studied sections. The AG is a mesocumulate 
composed of pyroxene and plagioclase with accessory ilmenite, silica, K-feldspar, troilite, 
ilmenite, phosphate minerals, and zirconolite. The FG lithology is dominated by Mg-Fe zoned 
pyroxene and variable amounts of plagioclase. In the most Fe-rich portions of the FG, K-
feldspar, silica, fayalite-hedenbergite-silica symplectites, and fayalite with immiscible Si-rich 
melt inclusions are common. Minor or accessory minerals include ilmenite, troilite, apatite, 
merrillite, zircon, baddeleyite, zirconolite, and spinels. Mineral chemistry in the OG, AG, and 
FG lithologies indicates a chemical relationship that traces crystallization from OG ! AG ! 
FG. However, petrologic modeling suggests that the relationship among the lithologies is more 
complex. The OG and basalt component of the NWA 773 clan are modeled to have originated 
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from a parent melt similar the Apollo 14 Green Glass b1 composition through equilibrium 
crystallization. The AG and FG compositions do not fit into this simple model and requires either 
a more complex crystallization regime (e.g. in part, fractional crystallization) or a different 
parent melt. 
2.1 Introduction 
Apollo and Luna samples provide key insights into the composition and formation of the 
Moon, but the samples are limited both in number and in spatial coverage of the lunar surface. 
Since the first lunar meteorite was found in Antarctica in 1979, lunar meteorites have proven to 
be invaluable samples for extending knowledge of the Moon. Unlike the samples returned from 
manned missions, the lunar meteorites come from randomly distributed sites on the Moon, 
making lunar meteorites more representative of the lunar surface than the Apollo and Luna 
samples (Korotev and Zeigler 2014).  
We show here that twelve lunar meteorites, NWA 773, NWA 2700, NWA 2727, NWA 
2977, NWA 3160, NWA 3170, NWA 3333, NWA 6950, NWA 7007, NWA 8127, NWA 10656, 
and Anoual, with a total mass of 2.9 kg (Table 2.1), together represent an assemblage of gabbroic 
and related basaltic lithologies for which mineral compositions and assemblages suggest that 
they could represent different parts of a single igneous system. Given that no similar meteorites 
have been found outside the Sahara Desert region, some or all may be terrestrially paired. 
Reported find locations (Meteoritical Bulletin), however, are much too distant from each other to 
represent a single strewn field, e.g., Anoual in eastern of Morocco is 1160 km from Dchira, the 
reported find site of NWA 773. Because of this ambiguity, we refer to the 12 stones as the   
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Table 2.1. Members of the NWA 773 clan  
Meteorite Year Total Number INAA INAA 
     
Key 
name acquired* mass (g) of pieces (mg) N OG Bx OPB FG AG references 
NWA 773 2000 633 3 212 10 × × 
 
× × 
Met. Bull. 85, Fagan, 
Jolliff 
NWA 2700 2004 32 1 25 1 × × 
   
Met. Bull. 90, Bunch 
NWA 2727 2005 191 4 267 11 × × × × × Met. Bull. 90, Bunch 
NWA 2977 2005 233 1 142 6 × 
  
 
 
Met. Bull. 90, Bunch, 
Zhang 
NWA 3160 2005 34 3 316 16 
 
× × × 
 
Met. Bull. 90, Ziegler  
NWA 3170 2007 60 1 42 3 × × 
 
× × Met. Bull. 101 
NWA 3333 2005 33 1 439 14 × × × 
  
Met. Bull. 94 
NWA 6950 2011 771 1 147 6 × 
    
Met. Bull. 100 
NWA 7007 2011 91 1 120 6 × × 
 
× 
 
Met. Bull. 100,  
Kuehner 
NWA 8127 2012 529 1 72 3 × 
    
Met. Bull. 103 
NWA 10656 2016 263 1 20 1 × 
    
Met. Bull 105 
Anoual 2006 6 12 101 3 
  
× 
  
Met. Bull. 93 
Total - 2876 - 1883 80 - - - - - - 
Lithologies present in NWA 773 clan members. Each lithology present in a meteorite is marked with 
an “X”. *Year acquired corresponds to the year either found or purchased. OGC = olivine gabbro 
cumulate, Bx = breccia, OPB = olivine phyric basalt, FG = ferroan gabbro, AG = anorthositic gabbro, 
G= gabbro. Stone mass, number of stones, total mass analyzed by INAA and number of INAA 
subsamples (N) are also included. References: Met. Bull. = Meteoritical Bulletin, Fagan = Fagan et al. 
2003, Jolliff,a = Jolliff et al. 2003,  Bunch = Bunch et al 2006,  Zhang = Zhang et al. 2011, Zeigler = 
Zeigler et al. 2006, Kuehner = Kuehner et al. 2012. 
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“NWA 773 clan” after the first one of the meteorites to be found (2000), and infer on the basis of 
data presented here, that they derive from a single location on the Moon. 
As a whole, the clan represents a coarse-grained regolith breccia that variably includes 
five lithologic components: olivine gabbro (OG), olivine phyric basalt (OPB), ferroan gabbro 
(FG), anorthositic gabbro (AG), and an immature regolith breccia matrix (Table 2.1). The first 
four are lithic clast components that each occur in several of the meteorite members or, in some 
cases, make up the entire stone. The breccia matrix is present in most, but not all of the 
individual members. The first of these lithologies to be discovered and characterized in detail 
was the OG (Fagan et al. 2003; Jolliff et al. 2003). The FG lithology has only more recently been 
characterized on the basis of occurrences in NWA 2727 and NWA 7007 (Bunch et al., 2006; 
Kuehner et al., 2012; North et al., 2013), although small clasts also occur in NWA 773 (Fagan et 
al. 2003; Jolliff et al. 2003) and others. The AG lithology has also only recently been found in 
NWA 2727 and NWA 3170, first by North-Valencia et al. (2014), and referred to therein as 
“leucogabbro.” 
Ages have been directly measured in several members of the NWA 773 Clan. Pb-Pb 
ages, which reflect primary crystallization, cluster at ~3.1 Ga for the olivine gabbro, anorthositic 
gabbro, and ferroan gabbro lithologies. These ages have been obtained through in situ analysis of 
zircon and baddeleyite grains (Zhang et al., 2011; Shaulis et al., 2012; Shaulis et al., 2013). Age 
dating has also revealed that there is an older component in the breccias, indicated by a 3.95 Ga 
age for a zircon grain in the breccia of NWA 773 (Shaulis et al., 2016). A younger U-Pb age of 
an apatite grain at 2.718 Ga may be interpreted as the date of the brecciation event (Shaulis et al., 
2012; Shaulis et al., 2013). 
Petrologic modeling of the OPB and OG in NWA 773 by Jolliff et al. (2003) suggested 
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that a low-Ti green glass composition, specifically Apollo 14 green glass B1 (A14 GGb1) 
(Shearer and Papike 1993), might be a suitable parent melt composition with which to relate the 
different lithologies along a common liquid line of descent (LLD). The Apollo 14 green glass 
was indicated because it has elevated incompatible-element concentrations compared to other 
picritic glasses. Relative REE concentrations in the NWA 773 clan are similar to, but higher in 
absolute concentration than, the A14 GGb1 composition, indicating that the NWA 773 clan 
parent melt would have assimilated 15-30% of a KREEP component relative even to A14 GGB1 
(Jolliff et al. 2003).  
The purpose of this work is to examine and characterize the gabbroic lithologies in the 
NWA 773, clan and to test the hypothesis that the various lithologies are related petrogenetically, 
and if a relationship is indicated, to show how they are related. Samples of NWA 773, NWA 
2727, NWA 3160, NWA 3170, NWA 7007, and NWA 10656 were analyzed by electron probe 
microanalysis (EPMA). All members of the NWA 773 clan were analyzed by instrumental 
neutron activation analysis (INAA). The NWA 773 clan potentially represents a relatively well-
sampled basaltic and related intrusive gabbro system unlike any samples in the Apollo collection. 
As such, these meteorites are important clues to understanding igneous processes on the Moon, 
particularly those related to KREEP. Preliminary portions of this work were presented in 
abstracts by North et al. 2013, North-Valencia et al. 2014, and Valencia et al. 2017.   
2.2 Samples and Methods 
  
We obtained most of the samples studied here from the type specimens; samples Anoual 
and NWA 2977 were obtained from dealers.  Sample masses ranged from 19.50 mg (subsampled 
from 262.5 mg of powdered sample) for NWA 10656 to 1.77 g for NWA 3333 (Table 2.1).   
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For INAA, we subdivided the samples into subsamples of 7–37 mg (mean: 24 mg).  For 
NWA 2727, 3160, 3170, and 3333, which contain large clasts and which we obtained as slices 
~1-mm thick, we used a stainless steel chisel to obtain subsamples dominated by single 
lithologies. Monolithologic samples such as NWA 2977 were subdivided into smaller fragments 
for INAA. Subsamples were loaded into high-purity silica-glass tubes of <3 mm inside diameter 
for neutron irradiation and radioassay. At one extreme, some subsamples consisted of one to a 
few fragments. At the other extreme, subsamples consisted of fines generated by the subdivision 
process.  In total, including the nine subsamples of NWA 773 of Jolliff et al. (2003), we have 
analyzed 80 subsamples ranging from one subsample each of NWA 2700 and NWA 10656 to 14 
subsamples of NWA 3333 (Table 2.1).  Irradiation and radioassay conditions were as described 
in Korotev et al. (2009). Samples were irradiated in nine batches between February 2002 (NWA 
773) and February 2016 (NWA 10656). A typical irradiation lasted for 36 hours at a thermal 
neutron flux of approximately 5×1013 cm-2s-1. INAA yielded data for 22 elements. Major and 
minor elements measured are Fe, Na, Cr, and Zr. Trace elements reported here are Sc, Co, Ni, Sr, 
Cs, Ba, La, Ca, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Th, and U. Concentrations of Ir and Au were 
below detection limits of 5–10 ng/g for all subsamples, except that some subsamples of Anoual 
and NWA 3333 were contaminated with Au at levels up to 150 ng/g. Following INAA we 
selected 13 irradiated subsamples for major-element analysis by EPMA of glass beads prepared 
by pulverizing and fusing subsamples (Zeigler et al. 2005).   
Six members of the NWA 773 clan were studied by EPMA: NWA 773, NWA 2727, 
NWA 3160, NWA 3170, NWA 7007, and NWA 10656. Unless otherwise noted, these samples 
are unirradiated polished fragments and thin sections.  
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Sample NWA 773 was the first member of the NWA 773 clan discovered. NWA 773 was 
found in September 2000 as three stones totaling 633 g (Grossman and Zipfel, 2001). Both 
Fagan (2003) and Jolliff (2003) reported on olivine gabbro cumulate clasts and a fragmental or 
regolith breccia in NWA 773. Reported breccia components include basaltic fragments, fayalite-
hedenbergite-quartz symplectites, a “high-Al basalt” glass spherule, agglutinates and Fe-rich 
clasts that may belong to the FG lithology (Fagan et al. 2003; Jolliff et al. 2003). Our section of 
NWA 773, designated fragment “b1” by Jolliff et al. (2003), is a 4.3×4.6 mm polished thin 
section mounted with another section of NWA 773. For this work, three Fe-rich clasts were 
examined in NWA 773 section b1. In addition, one INAA subsample of NWA 773 composed 
entirely of AG was used for EPMA.  
Sample NWA 2727 was found in 2005 as four stones, with a total mass of 191.2 g 
(Connolly et al. 2006). The section of NWA 2727 studied here is a 6.2×5.7 mm rock slice 
mounted in a polished one-inch round thin section. This section of NWA 2727 is a regolith 
breccia composed of 22 vol.% FG, 7 vol.% OPB, 4 vol.% AG and 67 vol.% breccia. Several 
other clasts occur in the breccia, including a basaltic vitrophyre, a eutectoid intergrowth, a mafic 
impact-melt clast, and a feldspathic impact-melt clast.  
Sample NWA 3160 was found in July 2005 as three broken stones totaling 34 g in mass. 
The OPB lithology dominates samples of NWA 3160, but breccia is also present, predominantly 
as two smaller stones (Met. Bull. 90). The breccia contains fragments of the FG lithology. The 
sample studied here is 2.7×1.7 mm polished fragment composed of breccia with fragments of 
FG. This sample was analyzed by INAA and is designated as one of the fragments in sample 
NWA 3160 “FR”. Sample NWA 3170 is a 2.5×1.8 cm polished slab.  
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NWA 3710 was found in 2007 and has a mass of 60 g (Meteoritical Bulletin 101, 2013). 
The sample of NWA 3170 that we investigated is a thick, polished slab composed of 40 vol.% 
OG, 15 vol.% AG, 4 vol.% FG, and 41 vol.% breccia. In order to correlate INAA data and 
EPMA spot analyses, three smaller fragments of NWA 3170 were used for both INAA and 
EPMA. All three of these fragments are breccias containing clasts of FG.  
Sample NWA 7007 was described as a regolith breccia rich in mineral clasts, including 
large polymineralic clasts (Kuehner et al. 2011). NWA 7007, a single-stone meteorite, was 
obtained in 2011 (Met Bull. 100). The sample of NWA 7007 studied here is a 2.6×2.9 cm end-
cut of the fragmental breccia portion of the stone. For this work, we examined three lithic clasts 
in NWA 7007. One is a clast of the OG lithology, and another two of the FG lithology.  
Sample NWA 10656 was found in January 2016 in Western Algeria. NWA 10656 was 
found as a single stone with a mass of 262.5 g. The sawn face of NWA 10656 shows that the 
meteorite is monolithologic. This stone is predominantly composed of plagioclase, pyroxene and 
olivine with a diabasic texture (Met. Bull 105). The 13×22 mm thin section we were allocated for 
EPMA is composed entirely of an OG lithology. 
Thin sections of NWA 2727, NWA 773, and NWA 10656 were characterized in both 
plane-polarized and cross-polarized light using a petrographic microscope. A thick section of 
NWA 3170 was examined using reflected light in a petrographic microscope. All five meteorites 
where characterized using EPMA. BSE (backscattered electron) imaging, X-ray compositional 
mapping, and compositional analysis were all done using the JEOL JXA-8200 electron 
microprobe at Washington University in St. Louis. This microprobe has 5 wavelength dispersive 
spectrometers (WDS) and an E2V/Gresham silicon-drift energy dispersive spectrometer (EDS). 
Calibrations were completed using silicate and oxide mineral standards. WDS Compositional 
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analysis was done using a 15 kV accelerating voltage and a 25 nA beam current. We used 
electron-beam spot sizes ranging from 1 to 50 µm as appropriate for the target materials, as 
follows: 1 to 5 µm for pyroxene and olivine, 1 to 10 µm for feldspar and accessory phases (a 
defocused beam, i.e. greater than 5 µm, was typically used for feldspar, and on the occasion that 
a smaller beam was used, the resulting Na concentrations were similar to nearby analyses made 
with larger beam sizes), and 5 to 50 µm for glasses. Various spot sizes were used in order to best 
fit the size of the grain, without overlapping with other phases.  X-ray compositional mapping 
was carried out using WDS (for elements including Al, Ti, Mg, Cr, Mn, Ni, Na, Ba, K, P) and 
EDS (for elements including Si, Al, Ti, Mg, Cr, Fe, Mn, Ni, Ca, Ba, K, S, Zr). Only element 
sums within the range of 98-102% were included in the data set. Data reduction was done using 
Probe for EPMATM software by Probe Software.  
2.3 Results 
2.3.1  Mineralogy and Mineral Chemistry 
In this section we describe the petrography and major-element composition of the 
gabbroic lithologies in the NWA 773 clan members. Our work encompasses olivine gabbro 
fragments (NWA 3170, NWA 7007, and NWA 10656), anorthositic gabbro fragments (NWA 
773, NWA 2727, and NWA 3170), and ferroan gabbro fragments (NWA 2727, NWA 3170, 
NWA 773, NWA 3160, and NWA 7007).  
All of these meteorites contain minor amounts of weathering products (i.e., vein-like 
carbonate-rich fillings in fractures) as a result of weathering in a hot desert environment. Fagan 
et al. (2003) and Jolliff et al. (2003) also noted the presence of terrestrial sulfates in NWA 773. 
Many mineral phases also show evidence of shock features. Pyroxene and olivine are generally 
fractured. Plagioclase is commonly unfractured and, in some thin sections, shows undulatory 
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extinction in cross-polarized light, indicating low-grade shock metamorphism (Stöffler et al. 
1991). Representative mineral analyses are presented in Appendix 1.  
Lithologies and Naming 
The NWA 773 clan meteorites variably include four lithologies: olivine gabbro, anorthositic 
gabbro, ferroan gabbro, and olivine phyric basalt, along with an immature regolith breccia. For 
the crustal rocks, we use the naming scheme devised by Stöffler et al. (1980), which classifies 
lunar highland rocks based on their proportions of plagioclase, olivine, orthopyroxene and 
clinopyroxene. The OG and AG lithologies are easily plotted within the boundaries determined 
by Stöffler et al. (Fig. 2.1). (1980). The FG is not easily defined by the bounds of this plot 
because the fragments are generally small and mineral proportions are non-uniform among the 
clasts. Instead, the FG lithology is defined by mineral chemistry.  
The OG lithology in NWA 773 was previously studied by several workers (e.g. Jolliff et 
al., 2003, Fagan et al., 2003). Where the OG is notably rich in olivine (contains excess or 
accumulated olivine), it was referred to as an olivine gabbro cumulate (OGC) (Jolliff et al. 2003). 
Since the discovery of additional meteorites in the NWA 773 clan, it is clear that there is not 
only one olivine gabbro lithology present in the meteorite group. These lithologies plot within 
the olivine gabbro field as defined by Stöffler et al. (1980) but have distinct chemistries (Fig. 
2.1). Because the olivine gabbro clasts have differing chemistries, we will describe their 
petrography and mineral chemistry in each of the three meteorites studied (i.e. NWA 3170, 
NWA 7007, and NWA 10656), rather than as a single lithology.  
Three clasts of the AG lithology occur in the NWA 773 clan. One of these clasts, in 
NWA 773, plots slightly outside of the field defined as AG by Stöffler et al. (1980). This clast is 
small, at 3.1×1.7 mm, and cannot be taken as representative of a whole-rock lithology. Owing to 
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its similarity in texture, mineral proportions and composition, and bulk chemistry to the other 
two AG clasts in the NWA 773 clan, discussed below, we opt to include the NWA 773 clast 
within the group of AG as well. 
  
 
Figure 2.1. Olivine Gabbro (OG) and Anorthositic Gabbro (AG) lithologies in the NWA 773 clan 
meteorites studied here projected onto the olivine – pyroxene - plagioclase ternary naming scheme 
devised by Stoffler et al., 1980. Data for NWA 773 OG/OGC from Fagan et al., 2003, and Jolliff et al., 
2003. The field names are as follows: 1 – anorthosite, 2 – gabbroic (noritic) anorthosite, 3 – troctolitic 
anorthosite, 4 – anorthositic gabbro (norite), 5 – anorthositic troctolite, 6 – gabbro (norite), 7 – olivine 
gabbro (norite), 8 – troctolite, 9 – pyroxenite, 10 – peridotite, 11 – dunite. All intrusive NWA 773 clan 
lithologies are classified as gabbros rather than norites because their pyroxene component is greater 
than 50% clinopyroxene, with the remainder orthopyroxene. Data are given in volume percent. 
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Olivine Gabbro  
Olivine gabbro is prominent in our section of NWA 3170 (OG-A, Table 2.2, Fig. 2.2). It 
is composed of 44 vol.% olivine (~25×40 µm to ~1.05×1.52 mm), high- and low-Ca pyroxene 
(28 and 16 vol. %, respectively; ~65×185 µm to 1.20×1.75 µm), and 11 vol. % plagioclase 
(~35×35 µm to ~540×1520 µm), with minor ilmenite (up to ~170×335 µm) and chromite (up to 
~160×245 µm), and trace troilite and phosphates. Olivine is generally equant and subhedral to 
euhedral, with interstitial pyroxene and plagioclase. Olivine compositions range from Fo67 to 
Fo70 and average Fo68. Pyroxene occurs as both augite and pigeonite, with compositions ranging 
from Wo35En49Fs16 to Wo11En64Fs25, and averaging Wo22En59Fs19 (Fig. 2.3). Pyroxene 
Mg/(Mg+Fe) ranges from 0.72 to 0.78 (Fig. 2.4). Cr in pyroxene contents vary with Ca-content; 
augite grains have a higher Cr contents than pigeonite grains (0.025 vs. 0.016 Cr per 6 oxygen 
atoms on average) (Fig. 2.5). Ti in pyroxene does not share the same dependence on Ca content 
that Cr does. Ti contents in the pyroxene of NWA 3170 are relatively low (0.005 – 0.031  
Table 2.2. Summary of the olivine gabbro lithology 
OG Meteorite Mineral Avg. Pyx Mg/Mg+Fe Avg. Plag Olivine 
Clast Name Assemblage Composition Range Composition Mg/Mg+Fe 
OG-A NWA 3170 
Olv, Pyx, Plg, Ilm, 
Chr, Tro, Phos 
Wo22En59Fs19 0.72-0.78 An91Ab8Or1 0.68 
OB-B NWA 7007 
Pyx, Olv, Plg, Spn, 
Tro, Phos 
Wo22En69Fs29 0.53-0.72 An92Ab7Or1 0.49 
OG-C NWA 10656 
Olv, Pyx, Plg, Ilm, Kfs, 
Chr, Apt, Mer, Tro, Fe-
Ni-S metal, Bdy 
Wo20En57Fs23 0.59-0.75 An91Ab8Or1 0.61 
Summary of the Olivine Gabbro Lithology. Olv = olivine, Pyx = pyroxene, Plg = plagioclase, Ilm = 
ilmenite, Chr = chromite, Tro = troilite, Phos = Phosphate, Spn = spinel, Kfs = K-feldspar, Apt = apatite, 
Mer = merrillite, Bdy = baddeleyite.   
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Fig. 2.2. A. Top row. BSE image of the OG clasts studied here in NWA 3170 (OG-A), NWA 7007 
(OG-B), and NWA 10656 (OG-C). OG is prominent in NWA 3170. This image of NWA 3170 
shows the entire slab studied, including the AG and FG lithologies. All OG samples are dominated 
by pyroxene, olivine, and plagioclase. In BSE images, Plagioclase appears the darkest gray of the 
three minerals, pyroxene as medium gray, and olivine as light gray, as seen labeled in NWA 7007 
OG-B. B. Bottom row. X-ray composite images of the OG, where. where Al is in the red channel, 
Mg in the green channel, and Fe in the blue channel. Plagioclase appears red, pyroxene, medium 
green, and olivine light green to blue-green. Pyx = pyroxene, Plg = plagioclase, Olv = olivine, Mg, 
Usp = magnesian ulvöspinel, Cr,Fe,Ti Spl = Cr,Fe,Ti bearing spinel, Tro = troilite, Chr = 
chromite, Phos = phosphate. 
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Figure 2.3. Pyroxene quadrilaterals for the gabbroic lithologies in the NWA 773 clan. 
25 
 
  
 
Figure 2.4. Comparison of gabbroic lithologies in the NWA 773 clan. Top. Mg# of the pyroxene 
in various lithologies. The Mg# extends to lower levels from OG à AG à FG. Bottom. An 
content ranges in plagioclase for the NWA 773 clan gabbroic lithologies. Data for NWA 773 OG 
from Jolliff et al., 2003 
26 
 
  
 
Figure 2.5. Cr (on a 6 oxygen basis) contents in pyroxene of the NWA 773 clan lithologies. An 
example of a core-rim traverse is shown for each lithology. The field of OG pyroxene analyses is 
projected onto the AG and FG plots (dashed line) and the AG field is projected onto the FG plot 
(solid line). 
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Figure 2.6. Ti (on a 6 oxygen basis) contents in pyroxene of the NWA 773 clan lithologies. An 
example of a core-rim traverse is shown for each lithology. The field of OG pyroxene analyses is 
projected onto the AG and FG plots (dashed line) and the AG field is projected onto the FG plot 
(solid line). 
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Figure 2.7. Al (on a 6 oxygen basis) contents in pyroxene of the NWA 773 clan lithologies. An 
example of a core-rim traverse is shown for each lithology. The field of OG pyroxene analyses is 
projected onto the AG and FG plots (dashed line) and the AG field is projected onto the FG plot 
(solid line). 
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Ti per 6 oxygens) (Fig. 2.6). Al in pyroxene shows a similar relationship between concentration 
and Fe/(Fe+Mg) as Cr; augite has a higher Al content than pigeonite (Fig. 2.7). Plagioclase 
compositions fall into a narrow range of An88Ab10Or2 to An93Ab6Or1, with an average of 
An91Ab8Or1 (Fig. 2.8).   
 One fragment of OG was studied in NWA 7007. The clast (OG-B, Table 2.2, Fig. 2.2) 
examined here is a ~3.5×3.0 mm clast. In NWA 7007, the OG lithology is olive green in hand 
sample, similar to the other lithologies (i.e. FG, and AG) of the NWA 773 clan. The OG clast in 
NWA 7007 (OG-B) is composed of low-Ca pyroxene (~38 vol. %), high-Ca pyroxene (~25 vol. 
%), olivine (~23 vol. %), plagioclase (~14 vol. %), and accessory (~3 vol. %) spinel, troilite, and 
phosphates. With the exception of the plagioclase grains, the OG clasts are heavily fractured, 
suggesting that plagioclase experienced some shock metamorphism. The clast is dominated by 
pyroxene and olivine, and the other minerals occur as interstitial phases, indicating that this clast 
 
Figure 2.8. Compositions plotted on the feldspar ternary for the gabbroic lithologies in the NWA 773 
clan. 
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may be a cumulate lithology. Olivine compositions range from Fo45 to Fo55, averaging Fo49. 
Pyroxene compositions occur in two groups Wo15En57Fs28 to Wo35En47Fs18 and Wo12En50Fs38 to 
Wo31En41Fs28 (Fig. 2.3). The average pyroxene composition is Wo22En49Fs29. Mg/(Mg+Fe) 
ranges 0.53 – 0.72 and averages 0.63 (Fig. 2.4). Fine scale (<1 µm) exsolution lamellae occur in 
the pyroxene. Cr and Al contents in pyroxene rapidly decrease over a short interval of increasing 
Fe/(Fe+Mg) (Figs. 2.5,2.7). Conversely, Ti increases with increasing Fe/(Fe+Mg). Plagioclase 
compositions range from An89Ab10Or1 to An94Ab6 and average An92Ab7Or1 (Fig. 2.8).  
The OG in NWA 10656 (OG-C, Table 2.2, Fig. 2.2) is unique to this stone. Our thin 
section of NWA 10656 comprises 29 vol.% olivine, 32 vol.% low-Ca pyroxene, 18 vol.% high-
Ca pyroxene, and 21 vol.% plagioclase along with accessory phases. Minor to trace minerals 
include ilmenite, K-feldspar, chromite, apatite, merrillite, troilite, Fe-Ni-S metal, and 
baddeleyite. Olivine occurs as subhedral grains ~85×100 µm to 1770×800 µm in size. In hand 
sample, the olivine is stained brown, particularly along microfractures, indicating terrestrial 
alteration. Compositions range from Fo54 to Fo67 (Fo61 average), with Fe-Mg zoning occurring 
within some individual grains. Inclusions are common in olivine. Some inclusions are single 
minerals, whereas others are multiphase, composed of pyroxene, plagioclase and/or accessory 
minerals. Pyroxene occurs as large, lath-like crystals (~2040×550 µm in size). In hand sample, 
pyroxene crystals are light green and when viewed in transmitted light they appear tan. The 
majority of pyroxene grains are zoned in Ca, where high-Ca pyroxene rims cores of low-Ca 
pyroxene. Low-Ca pyroxene compositions average Wo14En60Fs26 (Mg/(Mg+Fe) averages 0.69) 
and high-Ca pyroxene compositions average Wo29En52Fs19 (Mg/(Mg+Fe) averages 0.73) (Figs. 
2.3,2.4). Cr in pyroxene varies widely over a small range of Fe/(Fe+Mg) (Fig. 2.5). A core to rim 
traverse of a single pyroxene grain shows that the low-Ca cores of pyroxene in NWA 10656 OG 
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are lower in Cr contents than the high-Ca rims (range of 0.015 -0.032 Cr per 6 oxygens) (Fig. 
2.5). Ti generally increases with increasing Fe/(Fe+Mg), with the exception of a grouping of 
high-Ti pyroxene analyses at low Fe/(Fe+Mg), most of which come from the same grain (Fig. 
2.6). Similar to Cr, Al contents sharply decrease over a small Fe/(Fe+Mg) range, but also show a 
correlation between Al and Ca, where the low-Ca cores are lower in Al contents than the high-Ca 
rims (Fig. 2.7). Plagioclase occurs as relatively small laths intergrown with pyroxene with a 
subophitic texture. Plagioclase laths range up to ~1240 µm length. Unlike olivine and pyroxene 
in NWA 10656, in many regions, plagioclase is unfractured and some regions are isotropic under 
crossed polarized light, indicating partial conversion to maskelyenite. Plagioclase compositions 
range from An86Ab13Or1 to An93Ab6Or1 and average An91Ab8Or1 (Fig. 2.8). Minor to trace 
minerals include ilmenite, K-feldspar chromite, apatite, merrillite, troilite, Fe-Ni-S metal, and 
baddeleyite. These accessory minerals tend to occur as intergrowths in residual pockets between 
grains or as inclusions in olivine. Ilmenite is the coarsest of the accessory minerals, with 
anhedral grains reaching ~290×200 µm in size. Ilmenite has an average composition of 
Fe0.82Mg0.13Ti1.0O3. Chromite has an average composition of Fe0.9Mg0.2Cr1.3Al0.5Ti0.1O4.  
 
Anorthositic Gabbro  
The anorthositic gabbro occurs as lithic clasts in in 3 samples, NWA 2727 (AG-A, 
1.4×0.6 mm), NWA 3170 (AG-B, 7.0×9.2 mm), and NWA 773 (AG-C, 3.1×1.7 mm (Figure 2.9, 
Table 2.3). One of these fragments, NWA 773, has also been analyzed using INAA (sample a9 
of Jolliff et al., 2003). The AG lithology is the most uniform in texture and composition of the 
intrusive lithologies in the NWA 773 clan. In hand sample, the AG appears similar to the OG; 
both are pale green and coarsely crystalline. The AG is texturally and modally similar in NWA 
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2727 and NWA 3170. AG in NWA 773 is similar to that in NWA 2727 and NWA 3170, but 
exhibits differences in modal mineralogy and chemistry. All AG lithic clasts have a cumulus 
texture containing intergrown coarse laths of anhedral plagioclase and pyroxene. The largest 
laths of plagioclase range up to 4 mm length (in NWA 3170). In NWA 2727, the only thin 
section studied, pyroxene is optically continuous, and poikilitically encloses plagioclase. 
Pyroxene is more extensively fractured than plagioclase in both NWA 2727 and NWA 773, 
whereas both minerals are heavily fractured in NWA 773. Modal compositions of the AG clasts 
are similar, with 62 vol.% plagioclase and 38 vol.% pyroxene in NWA 3170, 63 vol.% 
plagioclase and 37 vol.% pyroxene in NWA 2727, and 54 vol.% plagioclase and 46 vol.% 
pyroxene in NWA 773.  
Accessory minerals are uncommon in the AG lithology. Accessory minerals are nearly 
absent in NWA 2727 AG. Only a few grains of ilmenite occur in the clast and all are less than 
~20 µm in size. This may be because the AG clast in NWA 2727 is a smaller clast (~1435×670 
µm) and may not be representative of the lithology as a whole.  However, NWA 3170 and NWA 
773 do contain some accessory minerals. In NWA 3170, the accessory phases are found in 
pockets, likely representing trapped melt, where the pyroxene becomes Fe-rich. AG in NWA  
Table 2.3. Summary of the anorthositic gabbro lithology 
AG Clast Meteorite 
Mineral  
Assemblage 
Avg. Pyx 
Composition 
Mg/Mg+Fe Range 
Avg. Plag  
Composition 
AG-A NWA 2727 Pyx, Plg, Ilm Wo19En47Fs34 0.46-0.66 An92Ab7Or1 
AG-B NWA 3170 Pyx, Plg, Ilm, Sil, Tro, Phos Wo23En44Fs33 0.31-0.68 An93Ab7 
AG-C NWA 773 
Pyx, Plg, Kfs, Zrc, Ilm, Tro, 
Phos 
Wo23En43Fs34 0.20-0.72 An95Ab5 
Summary of the anorthositic gabbro lithology. Pyx = pyroxene, Plg = plagioclase, Ilm = ilmenite, Sil = 
silica, Tro = troilite, Phos = Phosphate, Kfs = K-feldspar, Zrc = zirconolite.  
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Figure 2.9. X-ray composite images of the anorthositic gabbro clasts in NWA 2727 (“AG-A”), NWA 
3170 (“AG-B”), and NWA 773 (“AG-C”). A. Top row. RGB X-ray images where Al is in the red 
channel, Mg in the green channel, and Fe in the blue channel. Plagioclase (Plg) appears red and 
pyroxene (Pyx) appears green. Pyroxene shows very little Mg-Fe zoning in NWA 2727, but zoning 
occurs in NWA 3170 and NWA 773. B. Bottom row. RGBGray image where P is in the red channel, S 
in the green channel, Ti in the blue channel and Si in the gray channel. P represents phosphates, S 
represents troilite, and Ti represents ilmenite. This color scheme was selected to highlight accessory 
minerals in the AG lithology. The AG clast in NWA 2727 does not contain trace elements. NWA 3170 
and NWA 773 contain phosphates, troilite, ilmenite and silica as accessory minerals in the Fe-rich 
portions of pyroxene. In addition, in NWA 773, the lightest shade of gray represents K-feldspar. 
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2727 does not contain Fe-rich pockets of pyroxene, consistent with the lack of accessory 
phases and, presumably, trapped melt. NWA 3170 and NWA 773 AG contain ilmenite, troilite 
and phosphates as accessory minerals. In addition, silica grains (~30×30 µm to ~265×335 µm) 
occur in the most Fe-rich portions of the AG in NWA 3170, whereas NWA 773 also contains K-
feldspar and zircon. X-ray intensity maps also show that the AG is nearly devoid of chromite and 
sulfides. 
Most variation of pyroxene composition is in Ca content, but Mg-Fe zoning also occurs. 
AG Pyroxene compositions in NWA 2727, NWA 3170 and NWA 773 have similar averages 
(Wo19En47Fs34, Wo23En44Fs33, and Wo23En43Fs34, respectively, Fig. 2.3). Pyroxene in NWA 773, 
however, extends to higher Fe contents than in either NWA 2727 or NWA 3170 (Figs. 2.3,2.4). 
Mg/(Mg+Fe) ranges from 0.20 to 0.72 in the pyroxene and averages 0.58 in NWA 2727 and 
NWA 3170, and 0.57 in NWA 773 (Fig. 2.4). X-ray intensity maps of NWA 2727 and NWA 
3170 maps show that many pyroxene grains are irregularly zoned in Ca. Pyroxene in NWA 773 
AG has exsolution lamellae. The minor elements that commonly occur in lunar pyroxene, Cr, Ti, 
and Al vary with increasing Fe/(Fe+Mg), a proxy for crystallization (Figs. 2.5-2.7). In the AG 
lithology, Cr in pyroxene shows a decreasing trend with increasing Fe/(Fe+Mg). Cr in NWA 773 
AG falls lower on the trend for a given Fe/(Fe+Mg) compared to NWA 2727 and NWA 3170 
(Fig. 2.5). Ti in pyroxene increases with increasing Fe/(Fe+Mg), particularly as pyroxene 
becomes more ferroan (e.g. the core to rim analysis of a pyroxene grain in NWA 773, does not 
reach high Fe/(Fe+Mg) or high-Ti) (Fig. 2.6). With the exception of one high-Al pyroxene 
analysis in NWA 2727, Al decreases with increasing Fe/(Fe+Mg) until ~ 0.4, where Al begins to 
level off (Fig. 2.7).  
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Plagioclase in the AG of NWA 2727 and NWA 3170 is very similar in composition, 
ranging from An91Ab8Or1 to An94Ab6 (Figs. 2.4,2.8). AG plagioclase averages An92Ab7Or1 in 
NWA 2727 and An93Ab7 in NWA 3170. Plagioclase in NWA 773 AG is slightly more anorthitic, 
on average (An95Ab5), and ranges from An83Ab15Or2 to An97Ab3 (Figs. 2.4,2.8).  In NWA 773 
AG, limited Ca-Na zoning occurs in plagioclase with Na2O values reaching 1.7 wt.% near the 
rims of plagioclase grains. The most sodic regions of plagioclase are adjacent to Fe-rich regions 
of pyroxene. K content is slightly higher in NWA 2727 plagioclase than NWA 3170 and NWA 
773 plagioclase (0.13 wt.% K2O, 0.03 wt.% K2O, and 0.05 wt.% K2O respectively).  
Table 2.4. Bulk Compositions of anorthositic  
gabbro lithology 
 
NWA 2727 NWA 3170 NWA 773 
SiO2 47.6 47.8 46.4 
TiO2 0.15 0.19 0.18 
Al2O3 20.7 20.1 17.8 
Cr2O3 0.27 0.30 0.26 
FeO 9.16 9.08 10.5 
MnO 0.16 0.16 0.18 
MgO 6.92 6.64 7.60 
CaO 14.7 15.2 15.31 
BaO <0.07 <0.07 <0.07 
Na2O 0.45 0.43 0.27 
K2O 0.08 0.02 0.03 
Sum 100.2 99.9 98.5 
Bulk composition of the AG lithology in NWA 2727, NWA 3170 and NWA 773 calculated by modal 
recombination. 
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Modal recombinations of the AG clasts in NWA 2727, NWA 3170 and NWA 773 give 
nearly identical bulk compositions (Table 2.4), further supporting that the AG lithic clasts in 
these three meteorites are related. Variations in composition between NWA 773 and the other 
two samples (e.g., FeO, MgO, and Al2O3) result from differences in modal percentages of 
pyroxene and plagioclase among the clasts.  
 
Ferroan Gabbro  
Ferroan gabbro lithic clasts occur in five meteorites in the NWA 773 clan (Table 2.1). 
Eleven clasts were studied using the electron microprobe. These clasts are from meteorites NWA 
2727 (2.8×3.2 mm, FG-A, Fig. 2.10), NWA 3170 (3.3×4.8 mm, FG-B, Fig. 2.10), NWA 773 
(~250×430 µm (FG-C), ~430×215 µm (FG-D), and ~530×300 µm (FG-E), Fig. 2.11), NWA 
3160 (~1050×615 µm, FG-F, Fig. 2.12), and NWA 7007 (3.5×3.5 mm, FG-G, Fig. 2.12, and 
2.2×2.0 mm FG-H, Fig. 2.13). In addition, to correlate EPMA data to INAA data, three NWA 
3170 fragments used for INAA were analyzed by EPMA (FG-I, FG-J, and FG-K, Fig. 2.14). 
These three fragments all contained clasts of FG. The FG is a complex (i.e., variable in mineral  
assemblage, mineral zoning and texture) lithology. In hand sample, the FG is broadly tan (e.g. 
NWA 3170, FG-B) to green (e.g. NWA 7007, FG-G) in color.  
Feldspar, pyroxene, olivine and accessory minerals all appear in variable proportions 
among the FG clasts. However, there are major differences in modal mineralogy in clasts of this 
lithology among the meteorites, particularly in the accessory minerals. These differences arise 
from the fact that these clasts are small in size and therefore are not representative samples of the 
lithology as a whole. The FG lithic clast in NWA 3170 (FG-B), is the largest and also appears to 
be the most representative portion of the FG lithology. The NWA 3170 FG clast  
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Figure 2.10. A. Left column. BSE image of the FG (FG-A) clast in NWA 2727 and the FG (FG-B) 
clast in NWA 3170, outlined in white. B. Right column.  X-ray composite RGB image of FG clasts 
FG-A and FG-B. In the false color X-ray image, Al is in the red channel, Mg in green, and Fe in 
blue. Pyroxene in the FG shows extensive Mg-Fe zoning. Olivine is bright blue, plagioclase, bright 
red, pyroxene varies between green and blue, ilmenite and troilite are bright blue, and phosphates 
and silica are black. The pyroxene in the ferroan gabbro clast shows significant zoning of Fe and 
Mg. Plg = plagioclase; Pyx = pyroxene; Kfs = K-feldspar; Olv = olivine; Sil = silica and Sym = 
symplectite. Tro = troilite, Ilm = ilmenite, Phos = phosphate.  
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Figure 2.11: A. Left column. BSE images FG clasts FG-C, FG-” and FG-E NWA 773. The modal 
mineralogy of each clast is different. FG-C is dominated by pyroxene, olivine and K-feldspar with 
acicular silica. FG- D is ilmenite and pyroxene dominated. FG-E is dominated by ulvöspinel and 
pyroxene. Plg = plagioclase, Pyx = pyroxene, Kfs = K-feldspar, Sil = silica, Mer = merrillite, Apt = 
apatite, Zrn = zircon, Olv = olivine, Zrc = zirconolite, Phos = phosphates, Ilm = ilmenite, Usp = 
ulvöspinel. B. Right column. RGB composite X-ray images where Al is in the red channel, Mg in 
the green channel, and Fe in the blue channel. Plagioclase appears bright red, and K-feldspar, dark 
red. Silica, phosphates, Zr phases, and melt phases appear black. Pyroxene, olivine, ilmenite, and 
ulvöspinel all appear blue. Note that the lack of Mg-Fe zoning in the pyroxene. 
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Figure 2.12. A. Left Column. BSE images of FG clasts in NWA 3160 (FG-F) and NWA 7007 (FG-G). 
FG-F in NWA 3160 dominated by silica and Fe-rich pyroxene. Much of this pyroxene is in a fayalite, 
hedenbergite, silica symplectite. Silica dominates the clast and also occurs as an intergrowth with Kfs. 
FG-G in NWA 7007 is dominated by late stage phases, including a large symplectite. B. Right 
column. RGB composite X-ray images where Al is in the red channel, Mg in the green channel, and 
Fe in the blue channel. Plagioclase appears bright red, and K-feldspar, dark red. Silica, phosphates, 
and melt phases appear black. Olivine, ilmenite, and ulvöspinel all appear blue. Pyroxene appears 
green to blue. Pyx = pyroxene, Plg = plagioclase, Sil = silica, Olv = olivine (hedenbergite), Kfs = K-
feldspar, Tro = troilite, Ilm = ilmenite, Apt = apatite, and Sym = symplectite.  
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transitions from magnesian pyroxene and plagioclase, on one end of the clast, to Fe-rich or late-
stage minerals on the other end of the clast, tracing the extent of crystallization of the FG 
lithology (Fig. 2.10). Table 2.5 provides a summary of the mineral assemblage and mineral 
chemistry in the FG lithology.  
Textures of the FG lithology are variable. For example, NWA 2727 FG-A comprises a 
pyroxene megacryst with enclaves of intercumulus minor and trace minerals, but no other FG 
clasts exhibit this texture (Fig. 2.12).  Texturally, the large FG clast in NWA 3170 (FG-B), 
which is most representative of the whole lithology, comprises pyroxene intergrown with large 
laths of plagioclase. Where the pyroxene becomes Fe-rich, late-stage minerals become abundant 
and there is evidence of rapid crystallization (e.g. melt blebs, symplectites) (Fig. 2.15). Many 
fragments of the FG lithology (e.g. those in NWA 773 and NWA 3170) only show the textures  
 
Figure 2.13. BSE image of NWA 7007 FG-H. This clast is dominated by plagioclase (dark gray) and 
Mg-Fe zoned pyroxene (light to medium gray). Plg = plagioclase, Pyx = pyroxene, and Kfs = K-
feldspar. 
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Figure. 2.14. Fragments of NWA 3170 that were used for INAA and presumed to contain a FG 
component. A. Left column. BSE images of the fragments of NWA 3170. Lithic clasts of FG are 
outlined in dashed white lines. B. Right column. RGB composite X-ray images where Al is in the 
red channel, Mg in the green channel, and Fe in the blue channel. Plagioclase appears bright red, 
and K-feldspar, dark red. Silica, phosphates, and melt phases appear black. Olivine, ilmenite, and 
ulvöspinel all appear blue. Pyroxene appears green to blue. Pyx = pyroxene, Plg = plagioclase, Sil 
= silica, Olv = olivine (hedenbergite), Kfs = K-feldspar, Tro = troilite, Ilm = ilmenite, Mer = 
merrillite, and Sym = symplectite. 
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Table 2.5. Summary of the ferroan gabbro lithology 
FG 
Clast Meteorite 
Mineral 
 Assemblage 
Avg. Pyx 
Composition 
Mg/Mg+Fe 
Range 
Avg. Plag 
Composition 
Avg. Olv 
Mg/Mg+Fe 
Symplectite
? 
Image 
# 
FG-A 
NWA 
2727 
Pyx, Plg, Tro, Kfs, 
Sil, Ilm, Olv, Phos, 
Zrc, Spl, Bdy 
Wo20En35Fs45 0.11-0.65 An77Ab17Or6 0.09 
 
7 
FG-B 
NWA 
3170 
Pyx, Plg, Olv,  
Ba-Kfs, Sil, Tro 
Wo24En26Fs50 0.07-0.54 An88Ab11Or1 0.02 X 7 
FG-C NWA  
773 
Pyx, Plg, Kfs, Sil, 
Olv, Apt, Zrn, Zrc 
Wo42En2Fs56 0.03-0.04 n.a. 0.01 
 
8 
FG-D 
NWA 
 773 
Ilm, Pyx, Olv, Fld, 
Sil, Phos 
Wo40En7Fs53 0.10-0.13 An86Ab12Or2 0.05 
 
8 
FG-E 
NWA  
773 
Usp, Ilm, Plg, Pyx, 
Tro, Phos, Bdy, Olv 
Wo27En5Fs68 0.03-0.18 An86Ab12Or2 0.01 
 
8 
FG-F NWA 
3160 
Pyx, Plg, Sil, Olv, 
Kfs, Zrn, Tro, Ilm 
Wo29En11Fs60 0.08-0.24 An80Ab16Or4 0.04 X 9 
FG-G 
NWA 
7007 
Pyx, Plg, Kfs, Sil, 
Olv, Apt, Tro, Bdy 
Wo26En23Fs51 0.07-0.43 An76Ab21Or3 0.03 X 9 
FG-H NWA 
7007 
Pyx, Plg, Ba-Kfs, 
Sil 
Wo24En23Fs53 0.11-0.60 An92Ab7Or1 - X 10 
FG-I NWA 
3170 
Pyx, Plg, Olv, Kfs, 
Sil, Mer, Ilm, Olv, 
Tro, Bdy 
Wo31En9Fs60 0.10-0.17 An76Ab21Or3 0.04 
 
11 
FG-J NWA 
3170 
Pyx, Plg, Olv, Kfs, 
Sil, Tro, Bdy 
Wo30En16Fs54 0.11-0.67 n.a. 0.04 X 11 
FG-K NWA 
3170 
Pyx, Plg, Kfs, Sil Wo28En13Fs59 0.05-0.44 An85Ab12Or3 - 
 
11 
Summary of the ferroan gabbro lithology. Pyx = pyroxene, Plg = plagioclase, Sil = silica, Olv = olivine, 
Kfs = K-feldspar, Tro = troilite, Ilm = ilmenite, Phos = phosphates, Mer = merrillite, Apt = apatite, Spl = 
spinel, Usp = ulvöspinel, Bdy = Baddeleyite, Zrn = zircon, Zrc = zirconolite, and Sym = symplectite.  
n.a. = not analyzed.  
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indicative of latest-stage crystallization of the lithology (e.g. Figs. 2.11,2.14). In contrast, one 
fragment of the FG (FG-H, Fig. 2.13) shows little of the late-stage features of the lithologies and 
is dominated by intergrown plagioclase and pyroxene with minor K-feldspar. 
The most defining characteristic of the FG is the presence of pyroxene that reaches Fe-
rich compositions. In most FG clasts, pyroxene is the dominant mineral, or it occurs in subequal 
proportions with plagioclase. However, some FG clasts contain only a small proportion of 
pyroxene. For example, NWA 773 FG-D only contains one sizeable grain of pyroxene, which is 
only ~90×30 µm in size (Fig. 2.11). In other FG clasts, such as NWA 3160 FG-F and NWA 7007 
FG-H (Fig. 2.12), only a relatively small amount of pyroxene exists outside symplectites 
comprised of hedenbergite, fayalite, and silica, discussed further below. Pyroxene shows Mg-Fe 
zoning in many, but not all, of the FG clasts studied. Mg/Mg+Fe ranges from 0.03 in NWA 773 
to 0.65 in NWA 2727 (Figs. 2.3,2.4). Zoning can be extensive within a single pyroxene grain. 
For example, the pyroxene megacryst that dominates the FG in NWA 2727 is dominantly Fe-rich 
(up to 37.5 wt. % FeO) but is zoned in Mg (up to 19.1 wt. % MgO in some areas; Figs. 2.4,2.10). 
Not all pyroxene in the FG is Fe-Mg zoned. For example, in NWA 773 all studied FG clasts are 
extremely FG rich – down to an Mg/(Mg+Fe) of 0.03 (Figs. 2.4,2.11).  
All pyroxene in the FG is clinopyroxene (Fig. 2.3) Minor elements in FG pyroxene (i.e. 
Cr, Ti, and Al) show variations with Fe/(Fe+Mg). Cr shows a decreasing trend as Fe/(Fe+Mg) 
increases (Fig. 2.5). Cr in NWA 2727 FG pyroxene decreases more rapidly with Fe/(Fe+Mg) 
than pyroxene in NWA 3170 and NWA 7007. As compositions of FG pyroxene become ferroan 
(Fe/(Fe+Mg) greater than ~0.8) Cr approaches zero and levels off at an average value of 0.027 Ti 
per 6 oxygens for all analyses Fe/(Fe+Mg) > 0.8 (Fig. 2.5). Ti in FG pyroxene increases with 
increasing Fe/(Fe+Mg) until there is a turnover and Ti content begins to decrease. This turnover  
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Figure 2.15. BSE images of enclaves of late stage minerals within Fe-rich portions of pyroxene in 
the FG clasts of NWA 2727 (FG-X) and NWA 3170 (FG-X). A. Minor minerals in the FG in NWA 
2727. B. Enclave of silica and Ba,K-feldspar within pyroxene. Pyx = pyroxene, Tro = troilite, Kfs = 
K-feldspar, Sil = silica, Plg = plagioclase, Ilm = ilmenite, Phos = phosphate, Zrn = zircon. C. 
Symplectite comprised of hedenbergite, fayalite and silica in the breccia of NWA 3170 surrounded 
by Fe-rich pyroxene. Plagioclase and olivine are also present surrounding the symplectite. D. Zoned 
barian K-feldspar in the FG of NWA 3170. Brighter regions of the feldspar correspond to higher Ba 
contents. Acicular silica is intergrown with the feldspar. E. Fe-rich Olivine grain with troilite 
inclusions in the FG of NWA 3170. F. Olivine grain with melt inclusions in the FG of NWA 3170. 
Melt inclusions in the FG lithology are commonly found in Fe-rich olivine. Pyx = pyroxene, Plg = 
plagioclase, Olv = olivine, Sil = silica, Tro = troilite, Ba,Kfs = barian K-feldspar, Melt = melt 
inclusion. 
45 
 
occurs at Fe/(Fe+Mg) ~0.7 for NWA 2727 and Fe/(Fe+Mg) ~0.9 for NWA 3170 and NWA 773 
(Fig. 2.6). Al in FG pyroxene is generally constant with increasing Fe/(Fe+Mg), although there is 
some scatter in Al in NWA 2727 and NWA 773 (Fig. 2.7).  
In many Fe-rich regions, pyroxene transitions to symplectites of hedenbergite, fayalite, 
and silica in variable proportions. This transition is caused by Fe-enrichment and rapid 
crystallization. When pyroxene becomes sufficiently Fe-rich, it enters the “forbidden zone” near 
the right side of the pyroxene quadrilateral and pyroxferroite can form as a metastable phase; if 
cooling is slow enough, it later breaks down to form a three-phase Qtz-Fay-Hed symplectite 
(e.g., Lindsley and Burnham, 1970; Liu et al. 2009). In contrast to the FG pyroxene, these 
symplectites are generally unfractured. The occurrence and size of symplectites is variable. Not 
all FG clasts contain symplectites and in those that do, symplectites can range from small 
proportions to taking up the majority of the clast (compare Fig. 2.10 (FG-B) and Fig. 2.14 (FG-
J)). The FG clast in an INAA fragment of NWA 3170 (FG-J) is predominantly composed of a 
fayalite-hedenbergite-silica symplectite ~1.1×1.2 mm in size. See figure 2.15C for an example of 
one of these symplectites (~595×430 µm symplectite in NWA 3170). The pictured symplectite 
transitions from the adjacent Fe-rich pyroxene (Wo38En5Fs57, Mg/(Mg+Fe) averaging 0.08) and 
into the symplectite. Olivine in the symplectite is near fayalite composition (Fo3). Pyroxene in 
the symplectite approaches hedenbergite (Wo40En6Fs54). The compositions of pyroxene and 
olivine in the pictured symplectite in NWA 3170 are representative of typical compositions that 
occur within the symplectites. Some trace minerals occur in the symplectites. In the symplectite 
in NWA 3160 FG clast (FG-F, Fig. 2.12) inclusions of troilite (~15×10 µm) occur.  
Plagioclase occurs in variable proportions in the FG lithology. In NWA 2727 and NWA 
773, plagioclase occurs as a minor mineral. In contrast, in NWA 3170 (FG-B) and NWA 7007 
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(FG-G), plagioclase laths compose a significant portion of the clast and, in NWA 3160 (FG-F) 
plagioclase occurs as a single megacryst (~670×450 µm, An80Ab16Or4), enclosing Fe-rich 
pyroxene and ilmenite (Fig. 2.12). Plagioclase is less heavily fractured than pyroxene and olivine 
in the FG, perhaps indicating shock features in the plagioclase. Plagioclase occurs primarily as 
angular laths (up to 1260×570 µm in size, in NWA 3170 FG-B) or single clasts that are angular 
to sub-rounded. Plagioclase in the FG is low in the K-feldspar component (maximum Or content 
is 8, Fig. 2.8).  The plagioclase in NWA 2727 FG (FG-A) is more K-rich (compositions average 
An77Ab17Or6) than that of the other FG clasts, perhaps owing to its small size and proximity to 
K-feldspar. Plagioclase compositions range from An95Ab5 (NWA 3170, FG-B) to 
An69Ab25Or5Cn1 (NWA 3170, FG-I) (Fig. 2.8).  
Similar to plagioclase, barian K-feldspar is present in all members, but in variable 
amounts. Typically, K-feldspar is a minor mineral and is intergrown with acicular silica. 
However, in one clast of FG in NWA 773, K-feldspar is a major mineral (FG-C, Fig. 2.11). Ba 
content in the K-feldspar can be significant. Compositions range from An1Ab6Or92Cn1 to 
An3Ab7Or74Cn16 (both in NWA 3170, FG-B). NWA 3170 (FG-B, FG-I, and FG-J) is the only 
meteorite with FG that contains K-feldspar that is zoned in Ba content (e.g. Fig. 2.15D). The 
zoning is core to rim with up to ~8.5 wt. % BaO in the core in FG-B. In NWA 2727 (FG-A) K-
feldspar (up to ~60×115 µm, An2Ab2Or82Cn14) is intergrown with the silica phase and is found in 
two enclaves, one ~420×535 µm and the other ~205×625 µm in size (Fig. 2.15B).  
Olivine, which occurs in all FG clasts studied except NWA 3170 FG-K, is generally 
fayalitic (Fo≤5), but in NWA 2727 (FG-A) olivine has a composition of Fo9. Olivine is subhedral 
to anhedral and ameboid (e.g. FG-G in NWA 7007, Fig. 2.12). Nearly all olivine occurs with 
immiscible melt inclusions that are Si-rich and typically K-rich (e.g. Fig. 2.11, FG-D; Fig. 2.12, 
47 
 
FG-G). For example, in NWA 3170 (FG-B, Fig. 2.15F) melt inclusions in olivine are rich in 
silica (61.8–81.1 wt. % SiO2; Appendix 2) and contain considerable K (2.7–13.1 wt. % K2O) and 
Al (11.6–18.3 wt. % Al2O3). These melt blebs appear to represent immiscible melt that formed as 
the parent melt evolved. Once the residual melt became highly ferroan, the silica and alkali 
portion of the melt became immiscible and separated from the Fe-rich melt (Roedder 1951, 
Roedder 1978). Olivine is often host to accessory minerals. In NWA 3170 FG-B an olivine grain 
contains minute inclusions of troilite, which were possibly formed by immiscibility of a silicate 
and sulfide melt (Fig. 2.15E; Fincham and Richardson 1954). Olivine (Fo1) in NWA 773 is host 
to zircon, baddeleyite, apatite, and merrillite (Fig. 2.11, FG-C). 
The occurrence and proportions of minor and trace minerals in the FG lithology are 
variable. Table 2.5 summarizes the occurrence of the accessory minerals in the FG. Minor and 
trace minerals in the FG lithology occur most abundantly in regions where the pyroxene is most 
Fe-rich, meaning the latest crystallized (e.g. Fig. 2.10). Trace minerals include silica, ilmenite, 
troilite, phosphates (apatite and merrillite), spinels, and Zr-bearing minerals (zircon, zirconolite, 
and baddeleyite).   
Laths of silica, as large as ~315×2560 µm (in NWA 3170 FG-B), occur in most, but not 
all, FG clasts. Most often silica is intergrown with K-feldspar is acicular (eg. Fig. 2.15D), but 
also occurs as larger laths (e.g. Fig. 2.15B). Some silica (i.e. in NWA 2727 FG-A) contains 
minor Al, K, Fe and Ti. Minor concentrations of these elements, particularly Al and K, are 
consistent with partial beam overlap onto K-feldspar during analysis. In one FG clast, in NWA 
3160 (FG-F), silica dominates the clast. This silica is heavily fractured and also occurs 
intermixed with K-Feldspar in two regions (Fig. 2.12).  
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Ilmenite is the most common oxide mineral in the FG. Ilmenite grains range from sub-
micron up to ~1545×545 µm in size (in NWA 7007 FG-G). Most ilmenite is subhedral and 
rounded, but some is anhedral (Fig. 2.11, FG-E). Minor Mg and Mn are often included in the 
ilmenite structure, leading to compositions of Fe0.98Mn0.01Mg0.01TiO3 or Fe0.98Mg0.01Ti0.99O3.  
Troilite, is a relatively common accessory mineral and occurs as subhedral grains up to 
~175×190 µm in size (in NWA 2727 FG-A, Fig. 2.10). In one clast of NWA 3170, troilite occurs 
as amoeboid grains enclosing melt blebs (Fig. 2.14, FG-J). In NWA 3170 troilite inclusions 
occur along fractures in olivine as rounded grains ~3×4 µm to ~8×9 µm in size (Fig. 2.15E).  
 Phosphates, including both apatite and merrillite occur in the FG lithology. Apatite and 
merrillite often occur adjacent to each other (e.g. Fig. 2.11, FG-C). Phosphates are up to 
~200×700 µm (in NWA 3170 FG-J, Fig. 2.14). 
Spinels occur with a variety of textures in the FG. In NWA 3170 (FG-B), ulvöspinel is 
intergrown with the ilmenite has a composition of Fe2.2Ti0.8Al0.1Cr0.1O4. In NWA 773 FG-E 
amoeboid ulvöspinel is rimmed by olivine (Fo1) and ilmenite, and has inclusions of Si,K-rich 
melt (Fig. 2.11, Appendix 2). Ulvöspinel in the FG lithology is typically chromian, (e.g., in 
NWA 773 FG-C, the spinel composition is (Ti0.1Al0.4Cr1.2)(Fe1.0Mg0.2)O4).  
 
2.3.2  Bulk Composition 
INAA subsamples of the OG lithology vary systematically along olivine-pyroxene mixing 
lines for Fe and Co (Fig. 2.16a,b). For incompatible trace elements, presumably concentrated in 
mesostasis, concentrations vary by factors of 2, 3, 5, and 7 for Lu, Sm, La, and Th, respectively, 
among the OG subsamples, with no correlation to concentrations of elements carried by 
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pyroxene and olivine (e.g., Fig. 2.16c). Mean concentrations of elements in the 22 OG 
subsamples are presented in Tables 2.6 and 2.7.  
INAA data show that the NWA 10656 OG bulk composition does not fall within the group 
of other OG samples. NWA 10656 has a bulk composition intermediate to olivine gabbro, 
ferroan gabbro, and anorthositic gabbro lithologies of the NWA 773 clan (Fig. 2.16). Although 
NWA 10656 is petrographically similar to the olivine gabbro lithology found in several members 
of the NWA 773 clan, it is compositionally distinct from the main field of olivine gabbros. NWA 
10656 has an FeO content (19.7 wt.%) that falls near the average of the bulk of the olivine 
gabbro lithology (Fig. 2.16). NWA 10656 has greater concentrations of many incompatible trace 
elements, particularly the REE, when compared to olivine gabbro samples in the NWA 773 clan 
(e.g., 7 ppm La in the average olivine gabbro vs. 12 ppm La in NWA 10656). 
Four INAA subsamples, three from NWA 3160 and one from NWA 3170, are unusual in 
being poorer in Co (0.74×; Fig. 2.16a) and richer in Na (1.2×), Eu (2.0×; Fig. 2.16), trivalent 
REEs (rare earth elements, 2.8–4.2×; Fig. 2.16), Zr (4.0×), Hf (3.7×), Ta (3.7×), Th (4.3×), and U 
(4.4×), on average, than the OPB. We infer that these subsamples are rich in the ferroan gabbro 
lithology, and the fragments of NWA 3170 (FG-I, FG-J, and FG-K, Fig. 2.14) have been 
examined using the electron microprobe to confirm this relationship. Mean compositions of the 
FG lithology are presented in Tables 2.6 and 2.7. Among our INAA subsamples, only the a9 
subsample of NWA 773 (Table 3 of Jolliff et al., 2003) represents the AG lithology.  At 9.60 mg, 
it may not be representative, however. The INAA composition of subsample a9 (NWA 773 AG), 
which was used for both INAA and EPMA, is distinctly more mafic than the composition 
derived from modal recombination (Tables 2.4,2.6; Fig. 2.16).   
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Figure 2.16. INAA data for 80 subsamples of NWA-773-clan stones. The NWA 10656 point 
represents 206 mg of powdered igneous rock, the anorthositic-gabbro point represents a single 10-
mg clast, and the remaining 78 points represent 7–37 mg (mean: 25 mg) subsamples. (a) 
Distribution of lithologies among the stones of the NWA 773 clan. (b) Breccia subsamples plot 
intermediate to the basalt and three gabbro lithologies. (c) Na-rich breccia subsamples appear to be 
dominated by anorthositic gabbro whereas Na-poor breccias subsamples are dominated by the 
olivine gabbro and olivine phyric basalt. (d) The ferroan gabbro is rich in incompatible elements 
and Eu . 
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Table 2.6.  Mass-weighted mean results of INAA for some NWA-773-clan lithologies. 
 OPB ± OG ± FG ± AG 10656 FB ± 
Na2O 0.160 0.012 0.122
1222 
0.014 0.20 0.06 0.294 0.184 0.203 0.012
4 Sc 39.4 1.6 24.6 1.4 42.5 2.1 35.6 34.3 36.4 1.3 
Cr 3660 210 3060 440 2720 760 2310 3185 3600 320 
FeO 21.63 0.20 19.4 0.4 21.3 3.8 12.3 19.7 19.5 0.3 
Co 68 3 86 3 54 4 34.3 69.1 65 2 
Ni 121 20 192 17 72 16 80 127 123 11 
Sr 65 15 53 14 71 13 90 71 66 9 
Zr 136 15 105 21 540 440 180 180 170 17 
Cs 0.06 0.02 0.06 0.02 0.20 0.09 0.12 0.09 0.11 0.02 
Ba 130 9 107 21 305 145 123 150 181 21 
La 10.0 0.4 7.0 1.2 42 15 9.9 12.4 11.5 1.2 
Ce 26.1 0.9 19 3 110 36 26 32 31 3 
Nd 16.3 1.1 11 2 65 20 17 21 18.4 1.7 
Sm 4.79 0.18 3.4 0.5 18 6 4.6 5.9 5.5 0.5 
Eu 0.53 0.02 0.26 0.03 1.1 0.3 0.57 0.43 0.52 0.04 
Tb 0.98 0.04 0.70 0.08 3.4 1.0 0.94 1.20 1.14 0.09 
Yb 3.24 0.15 2.6 0.2 10 5 3.4 4.0 4.0 0.3 
Lu 0.45 0.02 0.36 0.03 1.3 0.9 0.46 0.59 0.56 0.04 
Hf 3.6 0.2 2.6 0.5 13 9 3.8 4.3 4.3 0.4 
Ta 0.43 0.02 0.27 0.06 1.5 1.3 0.33 0.43 0.54 0.06 
Th 1.47 0.07 1.0 0.2 6 4 1.53 1.9 1.8 0.2 
U 0.37 0.05 0.30 0.05 1.6 1.2 0.44 0.57 0.49 0.06 
Mass 384  558  62  9.60 19.50 868  
N 15  22  4  1 1 37  
OPB         54 6 
OG         18 5 
FG         9 1 
AG         18 2 
Concentration values are in µg/g (ppm) except oxides in mass percent.  Mass-balance model results 
(last 4 rows) are in mass percent. Concentration uncertainties (±) are 95% confidence limits based 
on standard deviations and N subsamples. Mass-balance model uncertainties are standard deviations. 
Mass is the total mass of all subsamples. Data for the AG (anorthositic gabbro) lithology are from 
Jolliff et al. (2003, sample a9). Data for the NWA 10656 OG lithology were obtained on a small 
(19.5 mg) subsample of 262.5 g of powdered NWA 10656. 
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Most of the INAA subsamples are breccias that have compositions intermediate to the 
OPB, OG, FG, and AG lithologies. Iron (as FeO) and sodium (Na2O) concentrations vary 
considerably and we have split the fragmental breccia (FB) subsamples into Na-poor and Na-rich 
subgroups in Fig. 2.16.  Using the INAA data and least-squares mass-balance techniques (e.g., 
Korotev et al., 1995; Korotev, 2000), the mean composition of the breccia can be reasonably 
well modeled as a mixture of 54 % OPB, 18% OG, 9% FG, and 18% AG compositions of Table 
2.6.  The Na-rich breccias are richer and the Na-poor samples are poorer in the AG component. 
There are two main failures of the mass-balance model, however. First, it underestimates 
concentrations of Na, Cs, and Ba in the breccia by 10–20% because the AG composition of 
Table 2.7.  Mean results of major element analysis of some lithologies by electron probe microanalysis (E) of 
“fused beads” and comparison to results of neutron activation analysis (N) for the same subsamples.  
 E/N OPB ± OG ± FG ± FB ± 
SiO2 E 45.39 0.19 43.47 0.22 47.52 0.22 46.78 0.14 
TiO2 E 0.85 0.03 0.36 0.03 1.07 0.05 0.85 0.04 
Al2O3 E 8.01 0.16 5.02 0.33 6.91 0.25 7.25 0.39 
Cr2O3 E 0.52 0.02 0.42 0.04 0.44 0.03 0.47 0.02 
Cr2O3 N 0.53 0.03 0.45 0.06 0.40 0.11 0.53 0.05 
FeO E 21.72 0.19 19.08 0.28 19.83 0.24 19.46 0.16 
FeO N 21.60 0.22 19.4 0.4 21.3 3.8 19.5 0.3 
MnO E 0.284 0.013 0.234 0.013 0.279 0.015 0.260 0.009 
MgO E 12.71 0.42 24.65 0.46 12.92 0.17 16.8 0.4 
CaO E 9.59 0.22 7.04 0.39 10.83 0.14 8.34 0.17 
Na2O E 0.163 0.010 0.122 0.012 0.157 0.011 0.168 0.010 
Na2O N 0.160 0.012 0.122 0.014 0.20 0.06 0.203 0.012 
K2O E 0.018 0.003 0.029 0.005 0.150 0.012 0.065 0.006 
P2O5 E 0.094 0.008 0.086 0.009 0.34 0.04 0.067 0.009 
Σ E 99.35 0.61 100.51 0.80 100.45 0.47 100.46 0.73 
Mg' E 51.0 1.7 69.7 1.4 53.7 0.8 60.6 1.5 
N E 54  48  22  54  SS  3160 B  2977 B  3160 H  2727 D  
SS  3160 E  2977 D    2727 R1  SS  3333 I  3333 B    3333 F  
SS  3333 K  3333 C    3333 G  
Concentration values in mass percent. Uncertainties (±) are 95% confidence limits; N is the number 
of EPMA spots.  The SS rows list the meteorite (e.g., NWA 3160) and INAA subsplit (e.g., B) 
designation from which the data are derived. Analyst: R. A. Zeigler. 
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Table 2.6 is not rich in alkalis as the composition derived from modal recombination (Table 2.4). 
Second, it underestimates Cr concentrations in the breccia by 11%, which may indicate that the 
olivine gabbro lithologies that fall off of the main trend and are presumably rich in Cr, but not 
included in the model, are, in fact, a significant component of the breccia. 
 
2.4 Discussion  
On the basis of mineral compositions, modal mineralogy, and trace element 
characteristics, Jolliff et al. (2003) suggested that a single parent melt could have given rise to 
several of the NWA 773 clan lithologies. In this section we consider the possible origin of the 
more recently found lithologies of the NWA 773 clan (AG and FG) within the context of this 
model. We do so by testing the hypothesis that the AG and FG lithologies represent derivatives 
from the same liquid line of descent as the OG and OPB, beginning with a parent melt of 
composition similar to Apollo 14 green glass.  We consider whether the major mineral 
compositions and textures support the hypothesis that these lithologies could have formed along 
the same liquid line of decent.  
2.4.1  Hypothesized Magma Chamber Model 
The hypothesized physical model of the magmatic system that we are testing begins with 
the Apollo 14 green glass B1 composition as a parent melt for all NWA 773 clan lithologies 
(Jolliff et al., 2003) (Fig. 2.17), which intrudes to a shallow crustal level, ponds at a rheological  
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boundary, and then solidifies to form a density-zoned magma chamber. Green glass 
compositions, including the Apollo 14 varieties (Shearer and Papike, 1993) are picritic, with high 
FeO and MgO concentrations and, as such, the first mineral to crystallize at low pressure is 
olivine. As the ponded magma began to crystallize, olivine sank to the bottom of the chamber. In 
the Jolliff et al., 2003 model, from the green glass composition, olivine is expected to crystallize 
until about 40% of the system has solidified (Jolliff et al., 2003). At that point, pyroxene would 
 
Figure 2.17. Simplified physical model "cartoon" of the hypothesized petrogenesis of the NWA 773 
clan lithologies.  
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begin to crystallize and shortly thereafter, plagioclase. Unlike olivine and pyroxene, which are 
denser than the coexisting (“contemporary”) melt, plagioclase has a lower density than the melt 
and would tend to rise forming a density segregation of crystals within the magma chamber. 
Sinking olivine, coupled with variable amounts of trapped melt, formed the OG lithologies at the 
bottom of the magma chamber. Rising plagioclase formed the AG plagioclase cumulate at the 
top of the chamber (Fig. 2.17). As stated by Jolliff et al. (2003) the OPB may have formed as 
magma from this chamber erupted to the surface after ~20% crystallization of olivine from a 
parent melt with an Apollo 14 green glass composition. As the magma cooled, pockets of melt 
may have formed in the AG that were sufficiently enriched in Fe and incompatible elements to 
form the FG lithology as the last portions of the chamber cooled. In the following sections we 
use mineral composition, mineral assemblage, and geochemical modeling in MELTS (Gualda et 
al., 2012; Ghiorso et al., 2015) to test the above hypothesis of the petrogenesis of the NWA 773 
clan lithologies. 
2.4.2  Mineral Assemblage and Chemistry Trends 
We test this model by examining the variation in pyroxene compositions as a reflection of 
where each lithology might fit with respect to an evolving melt composition. Pyroxene shows a 
progressive increase in Fe content as the lithologies crystallized (OG ! AG ! FG) (Fig. 2.4, 
2.18). There is significant overlap in pyroxene compositions between the AG and FG, indicating 
a close relationship. These overlapping compositions indicate that the lithologies could be 
derived from the same, evolving, magmatic system. In addition, all lithologies share a similar 
range of Ca in pyroxene (Figs. 2.3,2.18). The pyroxenes that dominate the OG and AG 
lithologies are relatively calcic pigeonite and augite, consistent with their connection to a basaltic 
parent melt (Fig. 2.3). Distinct groups of high and low-Ca pyroxene do not occur in the FG, 
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perhaps indicating the rapid crystallization of this lithology as the dregs of the magma chamber 
cooled.  
The minor non-quadrilateral components (Al, Cr, and Ti) of pyroxene in the NWA 773 
clan also provide clues to the petrogenetic sequence of the gabbroic lithologies. Cr follows a 
trend of decreasing Cr contents with increasing Fe/(Fe+Mg), which is a proxy for the degree of 
crystallization (Fig. 2.5). A rapid decrease in Cr concentration is expected early in the 
crystallization sequence because Cr is preferentially removed from the melt by early oxides and 
pyroxenes (e.g., McDougall and Lovering, 1963). In particular, Cr partitions more readily into 
oxides, than into early-formed high-Ca pyroxenes, followed by low-Ca pyroxenes (e.g., Akella 
and Boyd, 1973; Huebner et al., 1976). In this case, Cr concentration decreases rapidly in the 
OG, as Cr is included into the structures of early-formed pyroxene and chromite, even as the 
Fe/(Fe+Mg) range is relatively small (Fig. 2.5). Cr contents are higher in early-formed high-Ca 
pyroxene (e.g. the rims of NWA 10656 OG pyroxene grains), followed by slightly lower Cr 
contents in early-formed low-Ca pyroxene (e.g., cores of NWA 10656 pyroxene grains). Cr 
 
Figure 2.18. Comparison of pyroxene compositions in the NWA 773 clan lithologies. 
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concentration in pyroxene then continues to decrease, though at a slower rate, as crystallization 
of the magma proceeds through the AG and FG lithologies (Fig. 2.5). Ti shows a general 
increase with increasing Fe/(Fe+Mg) as crystallization progresses (Fig. 2.6), as ilmenite is not an 
early crystallizing phase. Ti content decreases at the most Fe-rich compositions of the FG 
pyroxene, where there is a decrease in Ti content, perhaps due to the onset of ilmenite 
crystallization (Fig. 2.6). Al contents in pyroxene show an overall decrease with increasing 
Fe/(Fe+Mg) (Fig. 2.7). Al decreases sharply early in the crystallization sequence in the OG and 
continues to decrease at a slower rate throughout the crystallization of the AG. In the FG, Al 
contents generally level off. However, there is some scatter toward higher Al contents, 
particularly in the FG pyroxene (Fig. 2.7). This scatter could be caused by rapid crystallization of 
the pyroxene.  
We also consider the evolution of plagioclase compositions with crystallization in the 
context of this model. There is considerable overlap in the range of An contents in plagioclase 
among the three lithologies, with the FG reaching the most albitic compositions (Fig. 2.4). 
Plagioclase in the FG also contains more K than the OG and AG lithologies (Fig. 2.8). The FG 
plagioclase has Or contents up to Or8.1, while the OG and AG lithologies have maximum Or 
contents of Or1.9 and Or1.6, respectively. One inconsistency with this model is that the reported 
An contents in NWA 773 OG (Jolliff et al., 2003) extend to more Na-rich compositions than that 
of the most albitic compositions that occur in the AG lithology (Fig. 2.4). It is possible that the 
OG lithology appears to be enriched in Na when compared to the AG lithology because the 
modal proportion of plagioclase is lower in the OG than in the AG. Because plagioclase is the 
major Na-bearing phase, it would be more concentrated in Na than if more plagioclase were 
present 
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The mineral assemblages of the AG and FG provide additional evidence in support of 
potential relationships between the two lithologies. The most Mg-rich portions of the FG in 
NWA 3170 (FG-B) are composed almost exclusively of pyroxene and plagioclase (Fig. 2.10). 
These regions are texturally similar to the bulk of the AG lithology. In addition, the most Fe-rich 
portions of the AG in NWA 3170 have accessory minerals (i.e. silica, ilmenite, troilite, K-
feldspar, zirconolite, and phosphates) that are also present in the FG. As discussed above, 
pyroxene compositions of the FG and AG overlap in the magnesian portions of the FG. On the 
basis of mineral chemical and assemblage variations, it is possible that the FG derived from the 
AG contemporary melt, i.e. the FG formed as late-stage pockets within the AG, rather than 
elsewhere in the hypothesized magma chamber.  
 
2.4.3  Petrologic Modeling 
To test the hypothesized model of a common liquid line of descent for the gabbroic 
lithologies of the NWA773 clan, a petrologic model is needed. As a first approximation of 
crystallization in a shallow magma chamber, equilibrium crystallization modeling of the major 
elements was done using the MELTS program at low pressure (1 atm) and an ƒO2 set to iron-
wüstite. Based on mineral chemistry, we would expect that the LLD descent modeled here would 
have the OG as the earliest forming gabbroic lithology, followed by the AG, and the FG would 
be the latest formed lithology. Modeling done for this work focuses on the OG and AG 
lithologies, for which we have well known bulk compositions based on mineral chemistry.  
Modeling shows that the OG and AG lithologies must be cumulates, because their bulk 
compositions are not multiply saturated and thus do not represent liquid compositions. The OG 
bulk compositions indicate accumulation of 14 wt.% (NWA 7007) to 44 wt.% (NWA 3170) of 
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olivine before reaching the cotectic where pyroxene begins to crystallize. Olivine and pyroxene 
in the OG continue to co-crystallize until the peritectic point, at which plagioclase begins to 
crystallize.  
We define the equilibrium melt as the melt that is in equilibrium with the major mineral 
assemblage. So, for the OG, the equilibrium melt occurs at the peritectic point where olivine, 
pyroxene and plagioclase are the stable assemblage. The OG equilibrium melts calculated for 
NWA 3170 and NWA 10656 are similar at ~48.5 wt.% SiO2 and Mg/(Mg+Fe) of 0.46 – 0.48 
(Table 2.8). The OG equilibrium melt derived for NWA 7007 is significantly lower in SiO2 (45.0 
wt.%) and Mg/(Mg+Fe) (0.34).  
The AG lithology, on the other hand, accumulates plagioclase before becoming multiply 
saturated, with 22 wt.% (NWA 773) to 36 wt.% (NWA 2727) excess plagioclase before 
pyroxene and plagioclase co-crystallize. The cotectic melts in equilibrium with the major mineral 
assemblage (plagioclase and pyroxene) calculated for the AG are similar for each of the three 
AG clasts studied. The AG equilibrium melt has ~50.0 wt.% SiO2 and Mg/(Mg+Fe) = 0.55 
(Table 2.8).  
Modeled equilibrium melts of the OG and AG lithologies can be used to test our 
hypothesized model of a common LLD and magma chamber crystallization. Although mineral 
chemistry, particularly that of pyroxene, suggests a petrogenetic relationship (OG ! AG ! FG), 
petrologic modeling of the OG and AG indicated additional complexity relative to the simple 
physical model. Using pyroxene mineral compositions, we hypothesized that the OG would form 
by accumulation of olivine and pyroxene, possibly at the bottom of a shallow magma chamber, 
followed by a plagioclase enrichment zone of AG crystallizing near the top of the same magma 
chamber (Fig. 2.18). However, the equilibrium melt compositions of the AG and OG indicate 
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that the OG equilibrium melt is more evolved than that of the AG. The OG equilibrium melt has 
an average Mg/(Mg+Fe) of 0.43, while the AG equilibrium melt has an average Mg/(Mg+Fe) of 
0.55. In addition, TiO2, which is expected to increase with extent of crystallization averages 1.06 
wt.% in the OG, but only 0.27 wt.% in the AG. 
Building on the work of Jolliff et al., 2003, we examined Apollo 14 green glass type b1 
(AP14 GGb1) as a possible parent melt for the NWA 773 clan lithologies. Our model shows that 
the AP14 GGb1 composition is not rich enough in FeO to reach the FeO contents seen in the 
related olivine phyric basalt (OPB) (Table 2.8). Instead, we start with a modified composition, 
similar to that of AP14 GGb1, but with higher FeO (21 wt%, Table 2.8). This FeO concentration 
 
Figure 2.19. Major element model for the OPB and OG lithologies. Spn = spinel, Pig = pigeonite, Aug 
= augite, and Plg = plagioclase 
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is within the range of Apollo 12 and 15 olivine basalts and some of the reported Apollo green 
glass compositions. Using this starting composition, after ~20 wt.% solidification of the 
proposed magma chamber, a composition similar to that of the OPB is reached, indicating that it 
may be at this point in the crystallization sequence that the OPB erupted to the lunar surface (Fig. 
2.19). Then, crystallization continues until at ~47 wt.% solidification, when a composition 
similar to that of the average OG equilibrium melt is reached. Thus, we find that the OPB and 
OG can plausibly be related along the same liquid line of decent and have a parent melt similar 
to that of the AP14 GGb1. How the AG and FG are related to the OG and OPB is less clear. The 
AG equilibrium melt is less evolved than that of the OG (e.g. a higher Mg/(Mg+Fe) and lower 
TiO2 content), and has much lower FeO than anywhere along the liquid line of decent modeled 
here. This result suggests that either the AG (and FG, assuming that it formed as residual melt 
pockets in the AG) did not crystallize on the same liquid line of decent as that of the OG, or that 
the magma chamber processes were more complex than represented in this simple model. We 
note that the residual melt that forms the FG is very FeO-rich and is itself fairly dense. Perhaps 
Table. 2.8 MELTS modeling results 
  
AP14 
GGb1 
Model 
Start OPB 
3170 
OG 
Eq.M
elt 
7007 
OG 
Eq.M
elt 
10656 
OG 
Eq.M
elt 
OG 
Eq. 
Melt 
Avg, 
773 
AG 
Eq.M
elt 
2727 
AG 
Eq.M
elt 
3170 
AG 
Eq.M
elt 
AG  
Eq. 
Melt 
Avg. 
SiO2 44.8 44.5 45.9 48.4 45.0 48.7 48.7 47.8 49.7 49.3 48.9 
TiO2 0.61 0.61 0.86 1.24 0.96 0.99 0.99 0.24 0.26 0.29 0.27 
Al2O3 7.23 7.00 8.11 13.1 11.0 13.8 13.8 13.5 13.7 13.7 13.7 
Cr2O3 0.52 0.20 0.51 0.19 0.25 0.19 0.19 0.17 0.18 0.18 0.18 
FeO 19.4 21.0 21.6 15.4 23.3 16.0 16.0 13.9 13.9 13.4 13.7 
MnO 0.31 0.26 0.28 0.23 0.52 0.29 0.29 0.25 0.25 0.24 0.25 
MgO 18.5 18.0 12.4 8.09 6.84 7.66 7.66 9.50 8.42 8.92 8.95 
CaO 8.04 8.29 9.72 12.9 11.7 11.8 11.8 14.4 13.1 13.6 13.7 
Na2O 0.18 0.10 0.16 0.38 0.28 0.39 0.39 0.19 0.27 0.29 0.25 
K2O 0.02 0.04 0.02 0.10 0.03 0.10 0.10 0.04 0.13 0.03 0.07 
Sum 99.7 100 99.7 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 
Mg/  
(Mg+Fe) 
0.63 0.60 0.51 0.48 0.34 0.46 0.46 0.56 0.53 0.55 0.55 
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residual melt drained from assemblages rich in plagioclase and accumulated with assemblages 
rich in pyroxene and olivine. Such a process could result in higher Mg/(Mg+Fe) and lower TiO2 
in AG assemblages that would have contained less trapped melt and thus whose Mg/(Mg+Fe) 
would be more representative of cotectic pyroxene as opposed to pyroxene equilibrated with 
late-stage trapped melt.  Alternatively, judging solely by pyroxene compositions (Fig. 3, 4a), AG 
might be better represented by equilibrium melts that were slightly farther along the LLD than 
OG.  
2.5 Conclusions 
The Northwest Africa 773 clan is a lithologically diverse group of 12 lunar meteorites. 
The meteorites variably contain four lithic clast lithologies, olivine phyric basalt, olivine gabbro, 
ferroan gabbro, and anorthositic gabbro, along with an immature regolith breccia. The OG is a 
cumulate dominated by magnesian olivine and pyroxene, with intercumulus plagioclase. The 
bulk composition of NWA 10656 OG is higher in incompatible trace elements than the other OG 
fragments. The AG is a plagioclase cumulate that contains plagioclase and pyroxene with few 
accessory minerals and low incompatible trace element contents. The FG is highly variable in 
texture and mineral assemblage, but characteristically contains late-stage assemblages and 
pyroxene that reach highly ferroan compositions. 
 Using bulk compositions and mineral chemistry, we showed that clasts of these 
lithologies are related across the various meteorites of the NWA 773 clan. From mineralogical 
similarities and an inferred sequence of crystallization, we interpret the NWA 773 clan to 
represent a shallow magmatic system on the Moon where the lithologies are plausibly related by 
a common liquid line of descent. The evolution of mineral chemistry with the progression of 
crystallization through the various lithologies indicates that these lithologies originate from the 
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same magmatic system. In addition, age dates for the gabbroic lithologies that cluster at ~3.1 Ga 
support a close relationship among the lithologies (e.g. Zhang et al. 2011; Shaulis et al. 2016).  
However, petrologic modeling indicates that the hypothesized model for this magmatic system is 
more complex. The OG and OPB lithologies are related along a common liquid line of descent, 
with a parent magma composition similar to that of the Apollo 14 green glass b1. Where (and if) 
the FG and AG fit along this liquid line of descent is less clear.   
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Chapter 3: Compositional Analysis of Apollo 
12 Granitic Breccia 12013: Insights into 
Protolithologies 
 
ABSTRACT 
We report bulk rock composition and mineral chemistry of previously unstudied 
fragments and thin sections of lunar granitic breccia 12013. Instrumental Neutron Activation 
Analysis (INAA) data on 25 fragments require that the 12013 breccia is a three-component 
system comprising granitic, rare earth element (REE) rich, and mafic components. The granitic 
component is low in FeO and REE but rich in K, Th, and associated elements. The REE-rich 
component is elevated in REE, moderate in FeO, and low in those elements that are high in the 
granitic component. The mafic component is richest in FeO, and low in both the REE and the 
elements concentrated in the granite. Petrographically, the REE-rich component is an impact 
melt breccia (IMB) with a composition unique to Apollo 12 IMBs. The trace-element 
concentrations in the REE-rich component indicate that its protolithology is possibly a 
monzogabbro, although its composition is significantly more magnesian than other known lunar 
monzogabbros. The mafic component is dominated by fine-grained pyroxene and plagioclase 
that appear to have been recrystallized after impact. However, preserved lithic clasts, primarily 
composed of pyroxene and plagioclase, occur in the mafic component and are inferred to 
represent the protolithology of the mafic component. The textures of the preserved mafic lithic 
fragments, and lack of Mg-Fe zoning in pyroxene indicate that the protolithology of the mafic 
component formed either as a crustal intrusion or at the bottom of a thick magma flow. Textures 
of this complex breccia suggest that the granitic breccia was first incorporated with the mafic 
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component to form the “gray breccia”, which was then incorporated with the REE-rich 
component while the components were still plastic. The complementary trace element 
compositions, including the REE pattern, indicate that the petrogenesis of the granitic and REE-
rich components are related. However, we find that silicate liquid immiscibility is not the 
formation mechanism for the 12013 components. Instead, bimodal volcanism due to basaltic 
underplating may have lead to the formation of the 12013 components.   
 
3.1 Introduction 
Granite is a rare igneous rock type on the Moon and is known mainly from small samples 
from Apollo 12, 14, and 15 (e.g. Rutherford et al., 1976; Warren et al., 1983; Seddio et al. 2013). 
Lunar granite is typically fine-grained (i.e., felsite) and composed primarily of silica and K-
feldspar. It is typically low in FeO (< about 5 wt.%) and, as a result, has little associated mafic 
mineralogy, although ferropyroxene, ilmenite, fayalite, and accessory minerals including 
phosphates, zirconium-bearing minerals, and sulfides do occur. The origin of lunar granite 
remains poorly understood. There are currently three contending hypotheses on how granite 
formed under lunar conditions (1) silicate liquid immiscibility (SLI), (2) Partial melting from 
basaltic underplating, and (3) Extended fractionation of a KREEP magma. Each of these 
hypotheses is briefly introduced below. (1) On the basis of sample observations and experiments, 
one possibility is SLI (Roedder and Weiblen, 1970; Hess et al. 1975; Rutherford et al., 1976; 
Quick et al, 1977; Neal and Taylor, 1989; Jolliff, 1991). Although SLI is observed to occur 
experimentally and at millimeter scale in thin sections of lunar samples, questions remain as to 
the scale on which SLI might have occurred, and whether this process could be responsible for 
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large exposures of silicic materials on the Moon observed with remote sensing such as the 
Gruithuisen Domes (Head et al., 1978; Wilson and Head, 2003). The high viscosity of silica-rich 
assemblages makes it unlikely that felsic melts could have migrated great distances. Thus 
fractionation of magmas to produce felsic melt likely occurred close to where felsic rocks are 
exposed at the lunar surface. (2) An alternative to SLI that has gained support in recent years is 
basaltic underplating and partial melting of fertile crust to produce felsic “minimum melts” 
(Hagerty et al., 2006, Glotch et al., 2010). However, this process is derived from remote sensing 
and has not been directly observed in lunar samples. (3) Another possibility for the formation of 
lunar granite is extended fractional crystallization. However, intermediate rocks such as andesite 
and dacite are rare to absent among lunar samples. Moreover, solidification of typical lunar 
mafic melts follows a trend of Fe enrichment, which typically leads to residual melts high in FeO 
and not SiO2; such melts are ripe for the late-stage occurrence of SLI (e.g. Hess et al., 1975).  
A relationship between granite and KREEP (a chemical, and in some cases such as 
KREEP basalt, lithologic component of lunar samples containing high amounts of potassium, 
rare earth elements, and phosphorus) can be inferred on the basis of geochemistry and petrology, 
and perhaps some samples, but a physical relationship in source regions on the Moon is not clear. 
Other alkali-suite samples such as alkali anorthosite and monzogabbro also might be related to 
granite, but field or source-region relationships are not yet established.   
One way to understand the association between KREEP and granite is to examine 
samples that contain both lithologies. Apollo 12 breccia 12013 contains both a granitic 
component and a KREEP component in an intimate mixture, implying that the two lithologies 
occurred together in the region where the breccia was assembled, and that they might have a 
petrogenetic relationship. The aim of this study is to analyze the lithologic components of 12013, 
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using previously unstudied sample material in the form of small rock fragments, using bulk 
chemical methods (Instrumental Neutron Activation Analysis, INAA) to cover the entire range 
of compositions and mineral-chemical analysis (Electron Probe Microanalysis, EPMA) to 
determine end-member components of this complex breccia. Our goal is to better understand 
potential relationships among the protoliths of components in 12013.  
3.1.1  The Apollo 12 Mission and Samples 
Of the numbered samples collected by the astronauts at Apollo 12, 43 are mare basalts 
and 4 are breccias (Lunar Sample Compendium). Breccias are products of meteoroid impacts 
that contain fragments (clasts) of rocks and minerals cemented together by a matrix of finer-
grained materials that were either melted or shock compressed during impact to form a coherent 
rock. Most lunar breccias are “polymict” in that they are mixtures containing clasts of different 
types of more primitive rocks (“protolithologies”). Of the four Apollo 12 breccias, three are 
composed of regolith dominated by mare basalt. The fourth, sample 12013 is distinctive among 
Apollo 12 rock samples (1) because it is not a basalt, as are most of the rock samples from this 
basaltic landing site, and (2) because it contains a prominent felsic component.  In fact, one of 
the significant discoveries of the Apollo 12 mission was the discovery of KREEP, found also in 
12013 and among soil components (Meyer and Hubbard, 1970; Schnetzler et al., 1970; Hubbard 
et al., 1970; Hubbard et al., 1971). The origin of 12013 and the other KREEP-bearing materials 
is not local, but might be related to ejecta from Copernicus, whose ray crosses the site, or some 
other nearby large crater (Quick et al., 1981a; Korotev et al., 2011). 
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3.1.2  Early Studies of Sample 12013 
Rock 12013 originally weighed 82.3 g (4×3×2 cm) and was collected from an unknown 
location and orientation on the lunar surface, although there has been speculation that it was 
picked up near the rim of Middle Crescent crater (Fig. 3.1; Anderson, 1970; LSPET, 1970a; 
Meyer, 2009). After its initial chemical examination, 12013 was singled out as being unique 
among known lunar, meteoritic, and terrestrial materials (e.g. Wakita and Schmitt, 1970). At the 
time, 12013 had the highest concentration of SiO2 (61%) of any lunar rock analyzed, yet was not 
chemically similar to terrestrial felsic rocks (LSPET, 1970a,b). The first examinations showed 
that 12013 is enriched in incompatible elements such as K, Rb, Ba, Zr, Y, Yb, U, and Th, yet not 
greatly depleted in FeO, leading the preliminary examination team to think 12013 could be a 
late-stage differentiate of a basaltic system (LSPET, 1970b; Wakita and Schmitt, 1970). The first 
thin section examined, 12013,4, suggested that the complex rock may contain three rock types. 
The examination team reported clasts of dacite, basalt, and andesite breccia (LSPET, 1970a). 
 
Figure 3.1. Apollo 12 sample 12013 (82.3 g) processing image, where both the black breccia and gray 
breccia can be seen. 
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The preliminary report sparked interest in 12013, leading to a burst of interest in this unusual 
sample and several early investigations (e.g. Albee et al., 1970; Drake et al., 1970; James, 1970).  
Sample 12013 was quickly discovered to be a heterogeneous sample, described most 
commonly as comprising a black breccia (or dark, or dark gray) and a gray (or light, or white) 
breccia (e.g., Albee et al., 1970; Drake et al., 1970; Gay et al., 1970; James, 1970; Ma et al., 
1977; Quick et al., 1977; Quick et al., 1981a). In most places, the boundary between the black 
and gray breccias is clear-cut (Drake et al., 1970; Quick and Albee, 1976, Quick et al. 1977). 
However, in some places the boundary between the gray and black breccias is more gradational 
(James, 1970). The petrography of 12013 was studied in detail by several authors such as James, 
1970; Albee et al., 1970; Drake et al., 1970; Quick et al., 1977; and Quick et al. 1981a. Their 
observations are briefly summarized below.  
The black breccia consists of angular to sub-rounded mineral fragments in a fine-grained 
matrix (Albee et al., 1970; Drake et al., 1970; James, 1970; Quick et al., 1977, Quick et al, 
1981a). The black breccia has been described as being composed predominantly of norite clasts, 
felsic clasts and plagioclase fragments with a matrix similar in composition to KREEP basalt 
(James, 1970; Quick et al., 1981a). The major mineralogy of the black breccia comprises 
fragments of plagioclase and pyroxene set in matrix of anhedral plagioclase and pyroxene, and 
minute opaque grains, such as ilmenite and troilite (e.g. Albee et al., 1970; James, 1970; Quick et 
al., 1977). In some regions the black breccia is vesicular (e.g. Albee et al., 1970; James, 1970; 
Quick et al., 1977).  
The gray breccia has been described as composed predominantly of basalt and gabbro 
fragments along with a felsic lithology (Drake et al., 1970; James, 1970; Quick et al., 1977; 
Quick et al., 1981a). Minor amounts of other igneous lithic clasts occur as well, including 
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anorthosite, norite, and “tonalite” (e.g. James, 1970; Quick et al., 1981a). These lithic fragments 
dominate the gray breccia (up to 80 vol.%), in contrast to the black breccia, where lithic 
fragments are comparatively rare (~40 vol.%; Quick et al., 1977; Quick et al., 1981a). The major 
mineralogy is alkali feldspar and quartz, plagioclase, and pyroxene (e.g. Albee et al., 1970; 
James, 1970; Quick et al., 1981). Some shock features, such as melting of plagioclase, variable 
extinction and microfractures are common in the gray breccia (Drake et al. 1970; James, 1970; 
Quick et al., 1981a).  
3.2 Samples and Methods 
3.2.1  Sample 12013 
For this work, 4 samples of 12013 were studied – 12013,161, 12013,163, 12013,165, and 
12013,166. The former two samples are fragments broken off of the main mass of 12013, the 
latter two samples are thin sections mounted on slides. Samples 12013,165 and 12013,166 (Fig. 
3.2) are used here because each contains the gray and black breccias with which 12013 has 
typically been described in the literature. Therefore, these sections provide a broader context and 
spatial relationship of the lithologies that occur in 12013.  
A total of 1.6 g of material from 12013,161 and 12013,163 was allocated for INAA. The 
1.6 g of material was divided into 25 subsamples, with the aim of sampling the entire range of 
compositions of 12013. Six of the 25 12013 INAA subsamples come from a single fragment of 
12013,163 (designated “Fragment 1”, Fig. 3.3) and are therefore known to be spatially related. 
All samples were photographed and sub-split into samples ~3–45 mg in mass. Fragments of 
12013 were separated for INAA based on appearance of the fragment. Where possible, INAA 
sub-splits were limited to a single fragment per sub-split. Single fragments that were too large in 
diameter for the sample tubes were pressed between weighing paper and struck with a stainless 
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steel hammer. Where sample masses were small, fragments were grouped together into masses 
appropriate for INAA, yielding one INAA sample that contained two fragments (12013,163,N), 
and two samples that each contained 14 fragments (12013,161,A and 12013,161,B). 12013 
fragments ranged from light gray to black in color, with most samples being intermediate in 
color or containing mixtures of light and dark regions (Fig. 3.4). 
3.2.2  Methods 
Subsamples selected for INAA were loaded into high-purity silica-glass tubes with an 
interior diameter <3 mm for neutron irradiation and radioassay. Samples were irradiated in 
 
Figure 3.2. Thin sections 12013,165 and 12013,166. A. Left Column. Transmitted light (TL) images of 
12013,165 and 12013,166 showing the intermingled black and gray breccias. Lines are drawn based on 
appearance of the breccia in transmitted light. B. X-ray composite where Al is in the red channel, Mg, 
green, and Fe, blue. In this image, plagioclase appears bright red, K-feldspar, dark red, pyroxene, green 
to teal, ilmenite, blue, and silica and zircon, black. 
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November 2014 for 36 hours at a thermal neutron flux of approximately 5×1013 cm-2s-1. Details 
of the irradiation and radioassay conditions are described in Korotev et al., 2009. Subsamples 
were analyzed by INAA for 34 major and trace elements.  
Samples used for electron-probe microanalysis (EPMA) included thin sections of 
12013,165 and 12013,166 (Fig. 3.2), as well as 15 fragments from 12 selected subsamples 
previously used for INAA. The INAA subsamples were mounted in epoxy and polished with 
diamond paste. EPMA was done at Washington University in St. Louis using a JEOL 8200 
electron probe equipped with 5-wavelength – dispersive spectrometers (WDS) and an energy – 
dispersive spectrometer (EDS) with a silicon drift detector. Data was collected and analyzed 
using Probe for EPMA software by Probe Software. Petrographic characterization was done 
using high-resolution backscatter electron (BSE) imaging and X-ray mapping. All quantitative 
analyses were completed relative to a set of mineral and glass standards.  
 Quantitative compositional maps were completed using Probe for EPMA (Probe 
Software). 1024×1024 maps were collected using 1 µm beam size, 1 µm step size, 40 ms count   
 
Figure 3.3. A large fragment from sample 12013,163, showing mingled black and gray breccias. This 
fragment was subdivided into six subsamples for INAA. 
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Figure 3.4. Selected fragments used for INAA. Fragments were visually inspected and, where needed, 
grouped by color. A. Some fragments are white to light gray in color and speckled with mafic 
minerals. B. Some fragments are black in color and speckled with light minerals. C. Most fragments 
are broadly medium-gray in color as dark regions and light regions mingle. 
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time, and 50 nA beam current, according to the methods of Carpenter et al., 2013. A WDS 
calibration was done using the MAN (mean atomic number) method, and a full Φ(ρz) correction, 
relative to a set of standards, was calculated at each pixel using CalcImage. Quantitative maps 
were made for 10 common geologic elements (Si, Al, Ti, Mg, Fe, Ca, Ba, Na, K, and Zr). The 
data set was filtered to only allow analysis totals between 97 and 103%. Subsequent work with 
the data sets was done using Surfer (Golden Software). Bulk compositions of the mapped region 
was calculated using the generated polygon data files in Surfer Scripter. 
3.3 Results 
3.3.1  Bulk Composition of 12013 Fragments 
Sample 12013 is a complex, multicomponent rock. Typically, 12013 has been 
characterized as a two-component breccia (e.g. Quick et al., 1981). Compositional data reported 
in this work require that three compositionally distinct lithologic components occur in 12013 
(Fig. 3.5). Much of the element concentration values for 12013 are well-correlated, which 
provides information as to which elements tend to occur in the same parts of a fractionated 
magmatic system. For example, K2O is well correlated with Rb (R2 = 0.97), Cs (0.97), Ba (0.92), 
Th (0.95) and U (0.95); and FeO correlates well with Sc (0.92) and Cr (0.79). With the 
exceptions of Yb and Lu, which are well correlated to each other (R2 = 0.98), the REEs analyzed 
by INAA (La, Ce, Nd, Sm, Eu, and Tb) are all well correlated with each other (0.83-1.00). These 
highly correlated elements indicate that 12013 can be considered in terms of three distinct 
chemical components – one rich in K2O and its associated elements, another rich in FeO, Sc, and 
Cr, and a third rich in the REE, especially light rare earth elements (LREE).  
Compositional data from INAA for 25 subsamples of 12013 are shown in figure 5. The 
elements in these plots were chosen to highlight chemical features of the different components  
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that could be present in 12013 based on the compositional correlations R2 values described 
above. Figure 3.5 shows one group of samples that have high Ba and Th contents, and relatively 
low La and FeO contents. Th and Ba concentrations are plotted in figures 3.5A and 3.5B, and are 
representative of the elements with which these two elements are correlated (i.e., K, U, Rb, Cs), 
elements typically associated with lunar granite (e.g., Seddio et al., 2013). La, a LREE, is also 
shown in figures 3.5A-C, where it is used to represent the REEs.  
 
Figure 3.5 Elemental concentrations (INAA) for 25 sub-samples of 12013. The granitic 
component is represented by filled black triangles, the REE-rich component, filled black 
circles, and mixtures of the components, including those rich in the mafic component, filled 
black squares. Open circles represent 2-4 mm lithic fragments in the Apollo 12 regolith (From 
Korotev et al. 2011). 
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A second group of samples is low in Th and Ba contents, moderate in FeO contents, and 
high in La contents, indicating that this component is an REE-rich lithology. Figure 3.5C shows 
a comparison of La, a LREE, and Yb, a HREE (heavy rare earth element), which is discussed 
below. REE tend to be highly correlated and can fractionate into an Fe-REE-rich melt during SLI 
(Neal and Taylor, 1989).   
A third group of samples is highlighted when considering FeO, which was chosen to 
represent itself and the elements with which is it correlated (i.e., Sc and Cr).  This group of 
samples is relatively elevated in FeO and typical of lunar basalts (Fig. 3.5A,D). This component 
has low REE concentrations as well as low concentrations of the elements associated with the 
granitic component. Each of these components is discussed in detail below. Notably, there is no 
alkali anorthosite reflected in the subsamples of 12013 (Fig. 3.5A); Na2O concentrations are < 
2.5 wt.% for all samples (Table 3.1). There is also no feldspathic highlands component reflected 
in the 12013 subsample compositions (FHT of Fig. 3.5A) Averages compositions for each 
component are presented in Tables 3.1 and 3.2. 
A mixing trend is apparent between the granitic component and the mafic component, 
and also between the REE-rich melt and the mafic component. In the trace element data, there 
appears to be little no mixing between the granitic and the REE-rich components within the 
12013 breccia (Fig. 3.5).  
One of the major components of the 12013 breccia is granite, which plots among other 
known lunar granites analyzed by Korotev et al. (2011) (Fig. 3.5A). Five of the 25 INAA 
subsamples are included in the granite lithology group. This granitic component has low La (57-
67 ppm) and high Ba (5200-6700 ppm) concentrations (Fig. 3.5, Table 3.1). Similarly, K2O, Th, 
and Rb concentrations are high in comparison to the other components of 12013 (5.2-7.6 wt.%  
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Table 3.1. Results of INAA for Granitic Component 
  12013 
163 A 
12013 
163 I 
12013 
163 J 
12013 
163 K 
12013
163 L 
Granite 
Mean 
Avg. 
Err 
Std. 
Dev.  
FeO 2.96 3.16 7.62 3.66 6.18 4.18 ±0.05 1.93 
CaO 1.5 1.7 2.4 1.0 1.9 1.7 ±0.17 0.5 
Na2O 1.46 1.47 1.36 1.35 1.35 1.42 ±0.01 0.06 
K2O 7.0 6.6 5.3 7.6 5.9 6.6 ±0.33 0.81 
Sc 5.6 6.2 14.2 8.2 12.6 8.3 ±0.12 3.62 
Cr 86 113 588 147 569 233 ±4.65 238 
Co 11.4 13.8 8.6 15.3 9.0 12.1 ±0.14 2.68 
Ni 240 265 97 289 105 219 ±29.5 84.2 
Rb 179 184 139 189 159 174 ±2.83 18.9 
Sr 138 122 89 103 89 115 ±19.7 20.2 
Zr 807 876 693 1323 1000 912 ±47.6 217 
Cs 6.19 6.46 4.78 6.76 5.57 6.08 ±0.09 0.72 
Ba 6660 6530 5460 5160 5400 6070 ±47.6 665 
La 56.8 66.8 63.5 60.9 65.2 62.6 ±0.58 3.52 
Ce 127 151 142 137 148 141 ±1.34 8.22 
Nd 58.9 64.7 64.5 63.0 68.2 63.3 ±2.44 3.05 
Sm 16.8 19.8 20.2 17.8 20.6 18.9 ±0.19 1.51 
Eu 1.91 1.98 1.95 1.67 1.87 1.90 ±0.04 0.11 
Tb 4.63 5.39 5.39 4.89 5.31 5.11 ±0.06 0.31 
Yb 37.8 41.1 40.4 39.0 40.3 39.7 ±0.35 1.15 
Lu 5.28 5.75 5.68 5.77 5.70 5.61 ±0.05 0.18 
Hf 27.1 37.0 24.8 41.5 31.2 32.6 ±0.27 6.19 
Ta 8.74 9.75 9.02 9.74 8.72 9.26 ±0.42 0.47 
Ir 0.0 0.3 0.0 0.0 0.1 0.1 ±1.54 0.13 
Au 3.9 4.8 3.0 4.2 4.1 4.1 ±1.30 0.59 
Th 52.8 60.4 49.8 60.6 53.8 56.1 ±0.46 4.37 
U 16.5 19.0 15.7 19.9 16.9 17.7 ±0.16 1.61 
mg 16.62 20.71 9.42 9.54 7.12 - - - 
Oxides are presented as wt.% and element concentrations are presented in ppm. Means are mass-
weighted and the standard deviation presented is the deviation from that mass weighted mean.   
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K2O, 50-61 ppm Th, 139-189 ppm Rb).  FeO concentrations are notably low (3.0-7.6 wt.%) in 
this component. The higher-FeO-containing granitic subsamples mix with the other components 
(Fig. 3.5D). Figure 3.5C shows Yb, an HREE, relative to La, an LREE, deviating from the 
KREEP line (the inter-element ratios of incompatible elements in KREEP; e.g. Jolliff, 1998), in 
favor of Yb over La (Fig. 3.5C).  Yb concentration ranges from 38 to 41 ppm, and La 
concentration ranges from 57-67 ppm (Table 3.1). Lunar granites are typically rich in Yb relative 
to La (Jolliff 1991). 12013 granite has a similar La/Yb ratio to that of felsite reported in Jolliff 
(1991) and average granite reported in Neal and Taylor (1989), which are 1.6, 1.7, and 2.0, 
respectively. All of these granite samples have a lower La/Yb ratio than that of average high-K 
KREEP, where La/Yb = 3.06 (Warren, 1989).  
The REE-rich component of 12013 is distinct in La-Ba space and deviates from the 
KREEP line (Fig. 3.5B). Three of the 25 INAA subsamples are included in the group of REE-
rich component samples. The REE-rich component is high in La (129-171 ppm) and 
comparatively low in Ba concentrations (1071-1247 ppm) (Fig. 3.5B; Table 3.2). The REE-rich 
component is also low in K2O, Th, and Rb (1.0-1.6 wt.% K2O, 22-23 ppm Th, and 11-18 ppm 
Rb), which are elements that are in high concentration in the granitic component (Table 3.2). 
FeO concentrations are intermediate (12-14 wt.%; Figs. 3.5B,D; Table 3.2). The REE-rich 
component also deviates from the KREEP line as it becomes more enriched in the incompatible 
elements (Figs. 3.5B,C). Complementary to the granitic component, the deviation from the 
KREEP line favors the incorporation of LREEs over HREEs, exemplified by an average La/Yb 
ratio of 3.4 (Yb ranges 41 – 47 ppm) (Fig. 3.5C; Table 3.2). Meteoritic contamination (material 
derived from meteorites impacting the lunar surface) in 12013 mostly occurs in this component 
where Ir concentrations reach 7.4 ppm.  
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Table 3.2. Results of INAA for REE-rich Component and other materials of interest 
 
12013,
161 A 
12013,
161 B 
12013,
163 B 
REE-Rich 
Mean 
Avg 
Error 
Std. 
Dev.  
Ap. 12 
IMB 
Ap. 12 High-
Th IMB 
QMD 
14161,7069 
W-QMD 
14161, 7373 
FeO 11.4 10.9 10.8 11.0 ±0.11 0.22 
 
10.03 10.83 13.99 16.05 
CaO 9.2 8.7 8.0 8.6 ±0.52 0.38 
 
10.2 9.7 9.0 11.3 
Na2O 1.49 1.53 1.63 1.56 ±0.02 0.05 
 
0.95 1.07 1.41 0.75 
K2O 1.0 1.6 1.3 1.3 ±0.34 0.18 
 
0.73 0.52 na na 
Sc 26.4 23.8 24.1 24.8 ±0.25 0.88 
 
21.6 23.5 30.2 42.2 
Cr 1062 1248 1073 1118 ±11.2 66.4 
 
- - 361 982 
Co 28.0 26.0 27.4 27.2 ±0.28 0.64 
 
25.9 22.5 7.15 15.0 
Ni 295 198 267 257 ±41.8 31.7 
 
192 166 <110 <100 
Rb 13 18 13 14 ±2.25 2.02 
 
- - 52 21 
Sr 273 185 299 258 ±89.6 38.1 
 
204 221 160 207 
Zr 1416 1118 1199 1250 ±115 97.4 
 
1240 2240 4240 7150 
Cs 0.58 0.79 0.75 0.70 ±0.18 0.07 
 
0.72 0.70 1.6 0.36 
Ba 1250 1070 1100 1140 ±23.1 59.3 
 
993 1430 2050 740 
La 135.7 128.6 171.1 147.2 ±1.02 14.5 
 
90.2 166 228 696 
Ce 347 326 435 375 ±3.72 37.0 
 
230 417 na na 
Nd 210 186 258 222 ±7.45 23.4 
 
135 242 na na 
Sm 59.5 55.9 73.8 63.9 ±0.64 6.05 
 
39.3 70.5 97 326 
Eu 3.76 3.53 4.17 3.86 ±0.11 0.21 
 
3.14 4.01 3.35 5.68 
Tb 12.0 11.2 14.9 12.9 ±0.14 1.23 
 
7.94 14.3 18.7 62.2 
Yb 41.0 39.6 47.0 42.9 ±0.42 2.50 
 
28.6 52.6 73.6 146 
Lu 5.46 5.32 6.12 5.68 ±0.06 0.27 
 
3.92 7.15 10.2 18.7 
Hf 41.5 37.5 45.8 42.0 ±0.52 2.64 
 
30.4 53.1 100 163 
Ta 5.10 4.58 5.94 5.27 ±0.41 0.44 
 
3.66 6.7 9.2 4.3 
Ir 7.4 7.2 7.1 7.2 ±4.59 0.11 
 
4.3 3.7 na na 
Au 14.0 8.6 18.1 14.0 ±2.93 3.04 
 
4.5 4.2 na na 
Th 21.2 22.6 22.7 22.2 ±0.33 0.53 
 
16.4 30.4 44 37 
U 5.90 5.80 5.52 5.73 ±0.20 0.12 
 
4.61 8.0 12 5.4 
mg 13.58 11.18 15.29 - - - 
 
- - 22.9 18.4 
Source This 
study 
This 
study 
This 
study 
- - - 
 
Korotev  
et al. 2012 
Korotev  
et al. 2012 
Jolliff  
1991 
Jolliff  
1991 
Oxides are presented as wt.% and element concentrations are presented in ppm. Means are mass-
weighted and the standard deviation presented is the deviation from that mass weighted mean. na=not 
analyzed  
 
87 
 
The remaining 17 INAA subsamples represent mixtures of various components, which 
include the third component of 12013, a mafic lithology. On the basis of scatter of INAA data 
points and lack of a particularly FeO-rich grouping, it is unlikely that any of the INAA fragments 
analyzed here contain only the mafic component end-member. Here, we discuss the remaining 
17 INAA subsamples as a group, including those most likely to represent an end-member 
component. This proposed mafic component is low in both Ba (1660-4490 ppm) and La (36-97 
ppm), compared to the granitic and REE-rich components (Fig. 3.5, Table 3.3). The mafic 
component trends toward lower REE concentrations compared to the other two components 
(Figs. 3.5A-C). The mafic component also deviates from the KREEP line, having an enrichment 
in Yb (22-40 ppm) relative to La, with an average La/Yb ratio of 2.0 (Fig. 3.5C; Table 3.3). In 
basalt, the deviation is caused by LREE depletion relative to HREE. In addition, FeO 
concentrations in the mafic portion of 12013 trend towards that of mare basalt (4.76-14.19 wt.% 
FeO) (Figs. 3.5A,D). The mafic component is considerably rich in Cr (450-3009 ppm).  
3.3.2  Petrography and Mineral Chemistry of 12013 Components 
In this section we describe the petrography and major element chemistry of minerals 
found in each of the three 12013 components. Samples selected for EPMA include thin sections 
12013,165 and 12013,166, and certain INAA subsamples. Selected INAA subsamples were rich 
in each of the three components in 12013. Some INAA subsamples are mixtures of three 
components, and as such, the fragments are not monolithologic.  
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Granitic Component Petrography and Mineral Chemistry  
The easiest distinguished lithology of the three components in 12013 is the granitic 
component. Five fragments, taken from 4 INAA subsamples, were analyzed by EPMA (Fig. 3.6). 
These fragments are composed exclusively of the granitic component. This component is broadly 
homogeneous in petrography and composition among the clasts studied here. K-feldspar, silica, 
and pyroxene dominate the granitic component. In hand sample, the granitic component is 
broadly white to light gray in color (feldspars and silica), with mafic mineral clasts scattered 
throughout (Fig. 3.4). Pyroxene appears green in hand sample, and other mafic minerals 
(predominantly ilmenite) appear black. Much of the granitic material occurs as patches within 
the groundmass of the gray breccia (e.g. Fig. 3.2). Elsewhere, in both the black and gray breccias 
(although, much more common in the gray breccia), the granitic component forms distinct clasts. 
Some of these clasts surround silica grains (Fig. 3.7A). Selected INAA fragments are, in most 
cases, composed entirely of the granitic component (Fig. 3.6).  
Silica occurs as acicular grains intergrown with laths of K-feldspar with a granophyric 
texture (e.g. Figs. 3.2,3.6). Acicular grains of silica that reach over 500 µm in length are heavily 
fractured and randomly oriented across the sample but in local regions have a radiating texture. 
Previous studies have shown that the acicular silica polymorph to be predominantly quartz (e.g. 
Gay et al., 1970; Quick et al., 1981a). The habit of the silica and local preservation of tridymite 
(identified by its refractive index) led Quick et al. (1977, 1981a) to propose that the quartz that 
occurs in 12013 granite has reverted from a primary phase of tridymite. Chemical analyses of the 
acicular silica grains, done by quantitative compositional mapping give an average silica 
concentration of 97.2 wt.% SiO2 with minor constituents that include Al2O3 (1.04 wt.%), TiO2 
(0.21 wt.%), FeO (0.21 wt.%), CaO (0.15 wt.%), BaO (0.17 wt.%), and Na2O (0.14 wt.%). Silica  
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Figure 3.6. BSE images of INAA fragments richest in the granitic component. The dark acicular 
mineral is silica, which is intermixed with K-feldspar, which is medium gray in color. The light gray 
mineral is pyroxene. Accessory minerals appear white. 
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Figure 3.7. High-resolution BSE images of the granitic component in 12013. A. A granitic clast 
surrounding a large, heavily fractured silica grain in the gray breccia portion of 12013,166. B. 
Complex plagioclase and K-feldspar clast in the granitic fragment 12013,163,I_1. C. Ba-rich feldspar 
grain in 12013,166. This grain is intergrown with silica and partially rimmed by plagioclase. The grain 
occurs at the margin of the granitic and REE-rich components. 
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also occurs as rounded grains (up to (~380×225 µm) with granophyric material radiating away 
from the grain (Fig. 3.7A). These silica grains vary from heavily fractured to nearly fracture free. 
The dominant feldspar mineral in 12013 granite is K-feldspar, but plagioclase occurs as a 
minor mineral. K-feldspar most commonly occurs as an intergrowth with silica, but also occurs 
in platy silica-free patches (Fig. 3.6). Quantitative X-ray maps show that regions in which K-
feldspar is intimately intergrown with silica, K-feldspar has a low Na2O content. Whereas, in 
regions where K-feldspar is relatively silica-free, K-feldspar is zoned in Na2O, core to rim, 
where cores of grains can reach over 6 wt.% Na2O (Fig. 3.8). K-feldspar has a composition of 
An32Ab36Or31Cn1 to An1Ab17Or80Cn2 and averages An10Ab25Or62Cn3 (Fig. 3.9). Plagioclase is 
less common than K-feldspar and occurs either as rounded grains in silica free regions or mixed 
with K-feldspar. Some plagioclase occurs within K-feldspar where the two minerals have a 
mottled texture (e.g. Fig. 3.6, 12013,163,I-2, and 12013,163,L). In some locations, plagioclase 
mantles K-feldspar with a rapakivi-like texture (e.g. Figs. 3.7B,3.8). Plagioclase has a 
composition of An45Ab50Or5 to An90Ab10 and averages An62Ab36Or2 (Fig. 3.9). One abnormally 
large (~420×320 µm) feldspar grain intergrown with silica in 12016,166 occurs at the margin of 
the granitic component in the gray breccia and the REE-rich component in the black breccia (Fig. 
3.7C). This grain is unusually high in Ba (identified from WDS X-ray maps) and is rimmed by 
plagioclase.  
Pyroxene occurs as rounded anhedral grains and as prismatic grains (up to ~340 µm 
long), both skeletal and embayed textures (e.g. 12013. Rounded pyroxene crystals commonly 
occur in clusters with a glomerophyric texture (e.g. Fig. 3.6, 12013,163,J, and 12013,163,L). 
Large, platy pyroxenes have a particularly skeletal texture (e.g. Fig. 3.6, 12013,163,J). Pyroxene 
occurs with both high and low-Ca compositions, averaging Wo13En32Fs55 for low-Ca pyroxene  
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Figure 3.8. Quantitative compositional maps of 12013 granite. A. Wt.% K2O in K-feldspar. K2O 
concentration decreases in silica (acicular black grains) free patches. B. Wt.% Na2O in K-feldspar and 
plagioclase. Na2O concentration in K-feldspar increases in silica (acicular black grains) free patches. 
Plagioclase rims K-feldspar (bottom left). C. Wt.% FeO in granite. High-Ca pyroxene appears bright 
blue, Low-Ca pyroxene appears light green, acicular zirconolite appears dark blue, ilmenite appears 
dark green, FeS appears red and Fe-Ni metal appears white. 
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Figure 2.9. Feldspar ternaries for thin sections 12013,165 and 12013,166, and INAA subsamples 
rich in each of the three lithologic components of 12013. Ternaries for the REE-rich component and 
mafic-component are truncated at Or10. In the mafic component, lithic clasts are represented by 
black squares and the “groundmass” by gray squares. 
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Figure 3.10. Pyroxene quadrilaterals for thin sections 12013,165 and 12013,166, and INAA 
subsamples rich in each of the three lithologic components of 12013. In the mafic component, lithic 
clasts are represented by black squares and the “groundmass by gray squares. 
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(Mg/Mg+Fe ranges 0.26-0.51) and Wo33En28Fs39, for high-Ca pyroxene (Mg/Mg+Fe ranges 
0.32-0.54) (Fig. 3.10).  
Accessory minerals are common and occur throughout the granitic component. The 
coarsest accessory mineral is ilmenite, which occurs primarily as elongated grains, but also as 
rounded grains, with a composition of Fe0.96Mg0.04Mn0.01Ti0.98O3. Zr-bearing minerals include 
zircon and zirconolite. Zircon, which occurs as rounded grains, is less common than zirconolite, 
which occurs as acicular grains. Phosphates are more commonly merrillite, but apatite also 
occurs. Rounded grains of troilite and Fe-Ni metal also occur in the granitic component.  
A bulk composition of a 1024 × 1024 pixel (1mm × 1mm) portion of fragment 1 of 
12013,163, which is a fragment composed entirely of granite, was obtained through quantitative 
compositional analysis (this sample was split in order to fit inside the INAA sample tube for 
irradiation). INAA data for the same sample gives a higher bulk FeO for the two fragments of 
12013,163, than the quantitative compositional map (3.16 wt.% and 1.6 wt.%, respectively). The 
bulk composition of this region is also lower in FeO and higher in K2O compared to other Apollo 
12 granites 12032,366-19A and 12023,147-10 (Table 3.4). However, the bulk composition of 
12013,163,I_1 is similar to the bulk composition, of granite in 12013,09,13 as measured by 
analysis by Quick et al. (1977).  
 
REE-Rich Component Petrography and Mineral Chemistry  
The REE-rich component is black in hand-sample, with some light colored mineral clasts 
visible (Fig. 3.4B). The black breccia is dominated by the REE-rich component (Fig. 3.2). Five 
fragments, taken from 3 INAA subsamples were analyzed by EPMA. With the exception of 
12013,161A_1, which contains a clast of the granitic component, these fragments are composed  
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Table 3.4. Bulk compositions of some Apollo 12 granites  
 
12013, 
163,I-1 
12013, 
163,I 
12013, 
09,13 
12013, 
09,13 
12032, 
366-19A 
12023, 
147-10 
SiO2 70.6 - 73.1 73 70.1 - 
Al2O3 14.5 - 12.1 11.9 13.5 - 
TiO2 0.4 - - 0.6 1.07 - 
MgO 0.4 - 0.5 0.7 0.14 - 
NiO - - <0.1 <0.1 - - 
Cr2O3 - - <0.1 <0.1 - - 
FeO 1.6 3.16 1.3 1.4 4.98 3.11 
MnO - - <0.1 <0.1 0.07 - 
CaO 1.8 1.7 1.5 1.4 3.04 3.0 
BaO 1.0 0.73 - 0.73 0.68 0.44 
Na2O 1.8 1.470 1.4 1.4 2.47 1.22 
K2O 7.7 6.6 6.7 6.8 4.58 5.6 
ZrO2 0.1 - - <0.1 - - 
P2O5 - - 0.2 0.13 0.052 - 
SO3 - - <0.1 <0.1 - - 
Total 99.8 - 96.8 98.06 100.7 - 
Method Quant. 
Mapping 
INAA Broad Beam 
30 um 
Broad Beam 
200 um 
CMR INAA 
Source This 
Study 
This 
Study 
Quick  
et al. 1977 
Quick 
 et al. 1977 
Seddio  
et al. 2012 
Seddio  
et al. 2012 
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exclusively of the REE-rich component. The REE-rich component has a porphyritic texture with 
large mineral phenocrysts scattered throughout a fine-grained matrix (Fig. 3.11). Mineral clasts 
range from angular to rounded. Phenocrysts are predominantly pyroxene (up to ~230 × 140 µm) 
and plagioclase (up to ~600 × 365 µm). Olivine (up to ~285 × 200 µm), ilmenite (up to ~730 × 
400 µm), a merrillite and apatite intergrowth (~290 × 340 µm), and zircon (up to ~270 × 195 µm) 
also occur as coarse grains.  
Plagioclase has a wide range of compositions from An45Ab47Or8 to An94Ab6 (average 
An79Ab20Or1) (Fig. 3.9). Pyroxene in the REE-rich component includes both high- and low-Ca 
pyroxene. Low-Ca pyroxene compositions average Wo5En59Fs36 and, Mg/(Mg+Fe) ranges 0.48-
0.83. High-Ca pyroxene compositions average Wo39En41Fs20 and Mg/(Mg+Fe) ranges 0.49-0.7). 
Several pyroxenes show reverse zoning, with cores that are more Fe-rich than their rims (e.g. rim 
Wo3En80Fs17 and core Wo3En63Fs34) (Fig. 3.10).  
Grains of olivine are uncommon, but are relatively large where they do occur. Four 
olivine grains were analyzed and they had compositions averaging Fo53, Fo55, Fo61, and Fo71.  
The REE-rich component is dominated by a fine-grained groundmass of plagioclase and 
pyroxene, along with a host of accessory minerals (Fig. 3.12). This groundmass is relatively 
homogeneous in grain size and mineralogy throughout the samples. Ilmenite, troilite, K-feldspar, 
zircon and phosphates make up most of the accessory minerals in the groundmass (Fig. 3.12C). 
Some regions of the groundmass also contain Fe-Ni metal, some of which is S-bearing.  
The REE-rich component appears to be an impact-melt breccia. Mineral clasts are 
commonly angular and occur within a fine-grained matrix. There is porosity (possibly vesicles) 
in the REE-rich samples, whereas there is little porosity in the other components (Fig. 3.11). 
Reverse zoning in pyroxene and varying olivine compositions may indicate that some of the  
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Figure 3.11. BSE images of INAA fragments richest in the REE-rich component. 12013,161,A_1 
contains a granitic fragment, the other four fragments only contain the REE-rich component. 
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Figure 3.12. Three views of the REE-rich component, with emphasis on the groundmass, taken from sample 
12013,163,B. A. BSE image of the REE-rich component groundmass. Feldspar is dark gray, pyroxene is medium 
gray, and ilmenite is white. Cracks and holes in the sample appear black. B. X-ray composite image where Al is 
in the red channel, Mg, green, and Fe, blue. Here feldspars appear red and pyroxene appears green. Most of the 
groundmass in the REE-rich component is dominated by plagioclase and pyroxene. Ilmenite appears blue, but 
other minor and trace minerals are not seen in this image. C. X-ray composite image, overlain on a BSE image 
with 5% transparency, where Zr is in the red channel, Ti, green, K, blue, P, magenta, and S, yellow. This color 
scheme was chosen to highlight the fine grained minerals in the groundmass. Here, zircon appears red, ilmenite, 
green, K-feldspar, blue, Phosphates, magenta, and troilite, yellow. Plg = plagioclase, Pyx = pyroxene, Ilm = 
ilmenite, Phos = phosphate, Zrn = zircon, Tro = Troilite, Kfs = K-feldspar. 
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coarse grains are not in equilibrium with the groundmass, consistent with the fact that they are 
clasts. Previous authors described the black breccia as a melt rock, consistent with our results 
(e.g. James, 1970; Quick et al. 1981a).  
 
Mafic Component Petrography and Mineral Chemistry  
The mafic component is the most elusive of the three components in the 12013 system. 
Five INAA subsamples were selected for EPMA of the mafic component. These fragments are 
low in both Ba and La (Fig. 3.5B), and therefore were inferred to contain the least amount of the 
granitic and REE-rich components. In hand sample, the grains most rich in the mafic component 
are mottled with light and dark gray regions (Fig. 3.4C). BSE and X-ray composite images reveal 
that even these samples richest in the mafic component, designated the “mafic component 
fragments,” have pervasive granitic material (Fig. 3.13). Each of the five mafic component 
fragments is a complex mixture of fine-grained plagioclase and pyroxene, granitic clasts and 
relatively large lithic clasts composed primarily of plagioclase and pyroxene. Here, we refer to 
the fine-grained plagioclase and pyroxene as the “groundmass” to distinguish the larger lithic 
clasts, which are also composed of plagioclase and pyroxene. These lithic clasts are interpreted 
as preserved fragments of the mafic component protolith, discussed later. The granitic fragments 
included in the mafic component INAA subsamples are considered here. Thin sections 
12013,165 and 12013,166 show that the mafic component is a significant component of the gray 
breccia (Fig. 4). In both thin sections, the mafic component appears to be intermixed with the 
granitic component, and 12013,166 contains lithic clasts similar to those in the INAA fragments 
occur.  
  
102 
 
  
 
Figure 3.13. BSE images of INAA fragments richest in the mafic component. Granite is also abundant 
in these fragments. 
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Samples of 12103 that contain the greatest proportion of mafic component are dominated 
by a “groundmass” of pyroxene and plagioclase along with accessory ilmenite, chromite, 
phosphates, and Zr-bearing minerals. Pyroxene and plagioclase in the mafic component 
“groundmass” present with a variety of complex textures (Fig. 3.14). Grain sizes of plagioclase 
and pyroxene are highly variable in the mafic component depending on the texture of the 
groundmass. Pyroxene and plagioclase occur both as individual mineral clasts and as 
intergrowths. Mineral clasts of pyroxene occur with a variety of textures, some of which may 
indicate recrystallization. For example, one mosaicked pyroxene grain occurs in the mafic 
component of 12013,165 (Fig. 3.15). Many regions of the groundmass are finely intergrown 
 
Figure 3.14. High-resolution BSE images of the “groundmass” intergrowths of plagioclase and 
pyroxene in the mafic component in 12013. See text for descriptions. Pyroxene appears light gray and 
plagioclase appears dark gray.  
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pyroxene and plagioclase with a symplectitic texture (Fig. 3.14A). These finely intergrown 
regions can also form lithic clasts (Fig. 3.14B). Some regions of the mafic component have 
pyroxene and plagioclase intergrown with a much coarser grain size (Fig. 3.14C). Some regions 
of these samples have plagioclase laths up to ~740 µm long. A common texture of the mafic 
component groundmass is fine-grained plagioclase and pyroxene (grain sizes less than 10 µm) 
that appear mottled (Figs. 3.14D).  
In addition to this pyroxene and plagioclase “groundmass,” relatively large lithic clasts 
also occur. Lithic clasts in the mafic component have different textures from those seen in the 
“groundmass.” Lithic clasts comprise coarse-grained pyroxene (~45-59 vol. %) and plagioclase 
(~37-50 vol.%) along with accessory chromian spinel ((FeMg0.2)(Cr1.2Al0.5Ti0.2)O4), ilmenite 
(Fe0.9Mg0.1TiO3), troilite, zircon, and phosphates.  
  
 
Figure 3.15. Backscattered electron image of a mosaicked pyroxene grain located in the mafic 
component of 12013,165. This texture of pyroxene grains may indicate recrystallization. In the 
pyroxene grain darker regions are high-Ca pyroxene (pyx) and lighter regions are low-Ca pyroxene. 
Accessory minerals ilmenite (Ilm) and merrillite (Mer) are also included. 
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Plagioclase compositions in the large lithic clasts range from An70Ab25Or5 to An93Ab7 
and average An86Ab13Or1. Plagioclase compositions in the “groundmass” range from 
An51Ab47Or2 to An93Ab7 and average An81Ab18Or1 (Fig. 3.9). 
Pyroxene in the mafic component includes high-Ca and low-Ca pyroxene.  Some 
pyroxene is slightly zoned with Fe-rich rims. Compositions of low-Ca pyroxene in the lithic 
clasts range from Wo15En56Fs29 to Wo4En56Fs50, averaging Wo6En55Fs39 and (Mg/(Mg+Fe) 
ranges 0.48 – 0.67) (Fig. 3.10). Compositions of High-Ca pyroxene in the lithic clasts range from 
Wo37En44Fs19 to Wo24En43Fs33, averaging Wo33En42Fs25 and (Mg/(Mg+Fe) ranges 0.49 – 0.70). 
Pyroxene compositions in the “groundmass” of the mafic component are similar to those in the 
larger lithic clasts (Fig. 3.10). Compositions of low-Ca pyroxene in the groundmass range from 
Wo16En53Fs31 to Wo4En48Fs48, averaging Wo8En51Fs41 and (Mg/(Mg+Fe) ranges 0.48 – 0.63). 
Compositions of high-Ca pyroxene in the groundmass range from Wo39En40Fs21 to 
Wo26En39Fs35, averaging Wo34En40Fs26 and (Mg/(Mg+Fe) ranges 0.53 – 0.65). 
Olivine occurs in the lithic clasts with a composition of Fo48-Fo56 (average Fo52) In the 
groundmass, olivine (Fo47-Fo52, average Fo49) is minor and occurs as anhedral grains surrounded, 
and possibly replaced by pyroxene.  
3.4 Discussion 
In this section we use the mineral compositions as well as bulk compositions from INAA 
to infer protolithologies of the REE-rich and mafic components in 12013. These two components 
have complex histories, and unlike the granitic component, their protolithologies are not obvious. 
We also explore the geochemical relationships among the three lithologies. The physical 
relationship among the lithologies are examined using their textures and cross-cutting 
relationships as seen in petrographic thin sections 12013,165, and 12016,166 (Fig. 3.2). The 
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chemical relationships among the components are used to determine if there is a chemical 
relationship among the components. Lastly, we explore current hypotheses for granite formation 
on the Moon and how these models relate to 12013.  
3.4.1  Bulk Composition of 12013 Fragments 
REE-Rich Component Protolithology 
 As discussed above, the REE-rich component has long been inferred to be an impact-melt 
breccia. Previous authors have described the origin of the black breccia (dominated by the REE-
rich component) to be an impact generated melt, termed a “clast-laden melt” or a “fragment-
laden melt” where the mineral and lithic clasts were incorporated into an impact generated melt 
(James, 1970; Dymek et al., 1976; James, 1976; Quick and Albee, 1976; Quick et al., 1977; 
Quick et al., 1981a). Still undetermined however, is the parent rock, or protolith, of the impact 
melt. Some authors proposed that the protolith of the black breccia was basaltic (e.g. Albee et al., 
1970), or represented a primary late stage liquid (Schnetzler et al., 1970). Here, we consider bulk 
rock chemistry to infer a protolithology for the REE-rich component.  
With elevated REE concentrations in the REE-rich component, it first appeared that there 
was some chemical similarity between the REE-rich component of 12013 and the high-Th IMBs 
described by Korotev et al 2011. But, the 12013 REE-rich component is petrographically distinct 
from the Apollo 12 high-Th IMBs and fits closer to the Apollo 12 typical IMBs in many 
elements (Table 3.2; Fig. 3.5) (Korotev et al. 2011). However, the 12013 REE-rich component is 
too elevated in REEs compared to typical Apollo 12 IMBs to be considered the same, leading us 
to the conclusion that the REE-rich IMB of 12013 is unique from the other Apollo 12 IMBs. 
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The REE-rich component plots in a distinct trend, which falls away from the KREEP-line 
with increasing REE-concentration (Fig. 3.5B). The REE-rich component favors increasing 
REEs, and LREEs in particular, over K, Ba, Th, U, Rb, and Cs which are all elements enriched 
in the granitic component (Figs. 3.5B,C). The points that fall below the KREEP line (i.e., points 
with a high Ba/La or Th/La ratio) are similar to monzogabbro, sometimes referred to as 
monzodiorite (Korotev et al., 2012). 
On the basis of a modal recombination of a fragment of the REE-rich component 
(12013,163,B), the precursor of this impact melt breccia appears to be similar to previously 
characterized monzogabbros in several major elements (Table 3.5).  However, 12013,163,B is 
significantly higher in MgO (9.7 wt.%) than previously studied QMGs (quartz monzogabbros; 
Table 3.5 Bulk composition of REE-rich component compared to lunar 
QMG samples 
 
12013,163,B 
QMG 
14161,7069 
W-QMG 
14161,7373 QMG 15405 
SiO2 47.4 53.9 44.9 55.4 
TiO2 2.37 2.4 1.8 2.6 
Al2O3 13.8 12.6 8.5 11.9 
Cr2O3 0.14 0.06 0.13 0.22 
FeO 13.0 13.4 16.5 14.1 
MnO 0.18 0.2 0.2 0.18 
MgO 9.67 2.8 6.3 3.8 
CaO 9.59 8.9 12.9 8.9 
Na2O 1.07 1.4 0.7 0.81 
K2O 0.67 1.6 0.6 2.1 
P2O5 0.89 1.8 5 - 
Sum 98.7 99.1 97.5 100 
Mg/(Mg+Fe) 0.53 0.19 0.31 0.23 
Source This Study Jolliff 1991 Jolliff 1991 
Taylor et al. 
1980 
Oxides are presented in wt.%. The modal recombination of 12013,163,B gives a bulk composition 
similar to a monzogabbro in several major elements, (e.g., FeO, CaO, TiO2) but Mg/(Mg+Fe) is 
significantly higher in the REE-rich component, indicating that its composition is distinct from these 
samples of monzogabbro. 
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Taylor et al., 1980; Jolliff, 1991). The high MgO concentration in 12013,163,B yields an 
Mg/(Mg+Fe) value of 0.53, considerably higher than reported values for QMGs (0.19-0.31; 
Taylor et al., 1980; Jolliff, 1991). 12013,163,B is also on the low-end of SiO2 content, with 47.4 
wt.% SiO2, higher only than the whitlockite-rich QMG (44.9 wt.% SiO2) described by Jolliff 
(1991), which has low SiO2 in part because of its extreme enrichment in phosphates. As such, the 
protolith of the REE-rich component cannot purely be a monzogabbro.  
 
Mafic Component Protolithology 
The mafic component is a mixture of preserved lithic clasts dominated by plagioclase and 
pyroxene and a “groundmass” of fine-grained plagioclase and pyroxene. Similar mineral 
compositions of the lithic clasts and groundmass minerals indicate that during impact portions of 
the mafic component may have melted and been recrystallized into the “groundmass” of the 
mafic component. As such, the preserved lithic clasts likely represent the protolithology of the 
mafic component. Pyroxene compositions in the mafic component are well equilibrated (i.e., 
Mg-Fe zoning is minimal) indicating that the mafic component was slowly cooled, either in a 
crustal intrusion or at the base of a thick lava flow.   
Five lithic clasts in the mafic component were analyzed, and their bulk compositions 
were accounted for by modal recombination (Table 3.6). Modal recombination shows that the 
mafic clasts range in TiO2 concentrations from 0.27-2.50 wt.% (1.14 wt.% average TiO2), 
placing the mafic clasts on the boarder of a VLT and Low-Ti system. The clasts are aluminous 
(14.1 wt.% Al2O3 average) due to their high proportions of plagioclase (37-50 vol.%). The FeO 
concentration in the mafic component lithic clasts is low at 12.1-15.6 wt.% FeO (14.1 wt.% wt.% 
FeO average). MgO averages 11.2 wt.%, giving an Mg/(Mg+Fe) value of 0.59.  The low FeO 
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concentration rules out the possibility that the mafic component lithic clasts are mare basalt. The 
FeO concentration, as well as several other major element concentrations (e.g. Al2O3, CaO, 
MgO, and TiO2) are similar to KREEP basalt concentrations. However, KREEP basalts are 
typically enriched in REE 100-150 × CI, while the mafic component lithic clasts REE 
concentrations are only 55-105 × CI (Fig. 3.16; Wieczorek et al., 2006). Therefore, the mafic 
component is distinct from known mare basalts and KREEP basalts.  
The five lithic clasts average 10.8 wt.% CaO, similar to the concentration (9.7 wt.%) 
calculated for the mafic component bulk composition (INAA) by mathematically removing the 
granitic component. The lithic clasts have an average FeO concentration of 14.1 wt.% FeO 
average, whereas the INAA subsamples richest in the mafic component have a mass weighted 
Table 3.6. Modal mineralogy and bulk composition of mafic clasts  
 
12013,163,C 12013,163,E 12013,163,E 12013,166 12013,166 Mafic Clast 
 
Clast 1 Clast 1 Clast 2 Clast 1 Clast 2 Avg. 
Plag 45.5 37.2 40.7 49.7 48.0 44.2 
Pyx 49.1 58.6 56.9 49.4 45.0 51.8 
Olv 5.4 4.2 n.d. n.d. 6.5 3.2 
Chr <1 <1 <1 <1 <1 - 
Ilm <1 <1 2.37 <1 <1 - 
SiO2 48.3 47.9 47.6 48.2 47.7 47.9 
TiO2 0.27 1.07 2.50 1.23 0.61 1.1 
Al2O3 14.5 12.1 12.6 15.7 15.4 14.1 
Cr2O3 0.29 0.94 0.24 0.52 0.61 0.5 
FeO 14.5 15.6 14.8 12.1 13.6 14.1 
MnO 0.20 0.22 0.24 0.16 0.19 0.2 
MgO 12.1 12.7 9.6 9.3 12.6 11.2 
CaO 9.4 9.9 12.3 12.8 9.6 10.8 
Na2O 0.59 0.38 0.65 0.60 0.40 0.5 
K2O 0.03 0.02 0.04 0.03 0.02 0.0 
Sum 100.3 100.8 100.6 100.6 100.7 100.6 
Mg/(Mg+Fe) 0.60 0.59 0.54 0.58 0.62 0.59 
Minerals proportions are presented in vol. % and oxides are in wt. % 
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FeO concentration average of 17.8 wt.% FeO. This discrepancy in FeO content indicates that the 
lithic clasts in the mafic component are not the most Fe-rich component in the fragments. Where 
the higher FeO component occurs is unclear, but it is possibly in somewhere in the mafic 
component “groundmass”.  However, pyroxene is the dominant mineral in both the groundmass 
and the lithic clasts, and pyroxene compositions are nearly identical in the lithic clasts and the 
groundmass (Fig. 3.10).  
3.4.2  Relationships among the 12013 Components  
Physical Relationships 
The physical relationship among the three lithologic components is complex. Previous 
authors have tried to unravel the physical relationships among the lithologies. James (1970) 
described the 12013 system as completely impact generated where the gray breccia is the impact 
 
Figure 3.16. Chondrite normalized REE-concentrations for the three components of 12013, as well as 
high-K KREEP values (Warren, 1989) for comparison. Chondrite values from Anders & Grevesse (1989) 
which are multiplied by a value of 1.3596, following the methods of Korotev (1996). Gd was interpolated.  
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deformed “groundmass” of the system to which the black breccia was added as globules of 
fragments in a molten matrix, and the granite was added as droplets of melt. Previous authors 
have argued that all components of 12013, are related by a single impact, in part, because no 
significant regolith component occurs in the 12013 breccia (James et al., 1970; Quick et al., 
1981).  
Granitic material clearly occurs intermingled with both the REE-rich and mafic 
components, though in different ways. In the mafic component, granite is pervasive, and in many 
regions is finely intermingled with the mafic component “groundmass”, but larger clasts also 
occur (Figs. 3.2,3.13). Granite is much less common intermixed with the REE-rich component, 
where it typically occurs as discrete clasts. The pervasive nature, and occurrence within ovoids 
and cracks, of the granitic material led several previous authors to propose that the granite was 
injected into the 12013 breccia as a melt (Drake et al., 1970, James et al. 1970; Quick and Albee, 
1976, Quick et al.; 1977; Quick et al., 1981a). However, Quick et al. (1977) argued, on the basis 
of textural evidence, that many regions of the felsite were added to the 12013 system as 
solidified clasts. In the samples used here, it appears that the granite could have been 
incorporated with mafic component as both solidified clasts and as a liquid. Relatively large, 
sub-rounded lithic clasts of granite occur within the gray breccia in 12013,165 and 12013,166 
(Fig. 3.2) as well as in the mafic INAA subsamples 12013,161,E and 12013,163,M (Fig. 3.13). 
However, the pervasive intermingling of the granitic and mafic component “groundmass” 
suggests that the granitic and mafic lithologies were incorporated when they were at least 
partially molten, or plastic (Figs. 3.2,3.13). In sample 12013,166 portions of the granite appear to 
flow through and around large lithic clasts in the mafic component, again indicating that the 
granitic component may have been incorporated with the mafic component as a liquid.   
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Textural evidence as well as a lack of regolith components in the samples studied here, or 
well as those previously reported on, suggest that the gray breccia and black breccia may have 
formed during a single impact and that the gray and black breccias were possibly incorporated 
while still plastic (e.g. James et al., 1970; Quick et al., 1981a). X-ray composite images of 
12013,165 show that there may be a mixing zone between the gray breccia, composed of the 
mafic and granitic components, and the REE-rich component, indicating that the components 
may have still been plastic when incorporated (Fig. 3.2B). In addition, adjacent to this mixing 
zone, the gray breccia appears to flow around the black breccia, again indicating some level of 
plasticity of the gray breccia during incorporation. In 12013,166, the black breccia, 
predominantly composed of the REE-rich component, occurs a single “vein” through the gray 
breccia, composed of the mafic and granitic components (Fig. 3.2). This vein of black breccia 
appears to flow around, and through a portion of, a granite clast. The vein contains fragments of 
granite, that were perhaps incorporated as “rockbergs” as hot REE-rich component flowed 
though an already incorporated gray breccia comprised of the mafic and granitic components.  
Recent age dates provide more clues to the physical relationship among the lithologies. 
Age dates of similar values were provided for the black breccia and gray breccia. Zircon grains 
were dated at 4.0-4.3 Ga in the black breccia and 4.2-4.3 Ga in the gray breccia (Zhang et al., 
2011). Most recently, Thiessen et al. (2016) used U-Pb dating to show that there is no age 
variation between the black and gray breccias, which have an average age of 3924 ± 3 Ma, 
dating the impact event. The granitic material was analyzed separately, and the oldest date seen 
in zircon is 4310 ± 5 Ma (Thiessen et al., 2016). These ages are similar to those provided by 
early authors (e.g. Albee et al., 1970; Bottino et al., 1971; Schnetzler et al., 1970; Tatsumoto, 
1970; Turner, 1970).   
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Chemical Relationships 
It has long been known that there is some chemical separation between the gray and 
black breccias of 12013. Previous authors have described the gray breccia as higher in K, Rb, 
and Ba, whereas the black breccia contains more REEs and P (Schnetzler et al., 1970; Quick et 
al., 1977; Quick et al, 1981a). This work aims to refine the bounds and cause of this chemical 
distinction among different components of the 12013 breccia.  
The particular distribution of elements among the three lithologies indicates a chemical 
and petrologic relationship. As previously discussed, the REE-rich component deviates from the 
KREEP line, in its elevation in REEs (primarily LREEs) over those elements that are 
concentrated in granite. Whereas, the granitic component deviates from the KREEP line in favor 
of K, Rb, Cs, Ba, Ta, Th, U and the HREEs, relative to the REE-rich component (Figs. 3.5B,C). 
The P-rich groundmass of the REE-rich component also suggests that the REE-rich component is 
enriched in P compared to the mafic and granitic components. These complementary deviations 
from the KREEP line may indicate the splitting of the K-fraction and REEP-fraction of KREEP 
during the crystallization of the REE-rich and granitic components, providing support that these 
two lithologies have a petrogenetic relationship. It is possible that this separation resulted from 
SLI, one possible formation mechanism for the 12013 components, discussed below (Neal and 
Taylor, 1989; Jolliff et al. 1998a; Jolliff et al., 1999).  
REE patterns can also be used to help refine the chemical, and therefore, petrologic 
relationships among the lithologies. Previous authors have examined the REE-patterns of the 
gray and black breccias, summarized below, whereas this work will examine the REE-patterns of 
the three individual components. The black breccia REE pattern shows LREE enrichment 
compared to HREE enrichment (Hubbard et al., 1970; Schnetzler et al., 1970; Quick et al., 1977; 
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Quick et al., 1981a). The gray breccia REE pattern is bowl, or V-shaped (Hubbard et al., 1970; 
Schnetzler et al., 1970; Ma et al., 1977; Quick et al., 1977; Quick et al., 1981a). Both the black 
and gray breccias display a strongly negative Eu anomaly (Hubbard et al., 1970; Schnetzler et 
al., 1970; Wakita and Schmitt, 1970; Ma et al., 1977; Quick et al., 1977). 
This work finds that the chondrite normalized REE-patterns for the three lithological 
components are distinct (Fig. 3.16). The granitic component REE-pattern is generally “bowl-
shaped” where concentrations of the LREEs decrease until the Eu anomaly, then begin to rise 
again with the HREEs, until a maximum at Yb (180×CI) before a slight decrease to Lu. The 
REE-rich component is strongly enriched in the LREE over HREE (462×CI in La vs. 172×CI in 
Lu). The mafic component REE pattern was calculated by mathematically removing 20-50% 
(calculated for each of the 5 mafic component fragments) of a granitic component from the mafic 
component to account for the granitic component included in the clasts richest in the mafic 
component. The REE-pattern of the mafic component is slightly enriched in LREE over HREE 
(106×CI in La vs. 56×CI in Lu), though not as severely as the REE-rich component. All three 
components have a Eu anomaly, where the REE-rich component has the deepest Eu anomaly, 
and the mafic component has the shallowest Eu anomaly (Fig. 3.16). The MREE to HREE 
pattern of the REE-rich and granitic components may be complementary and suggest a shared 
petrologic history.  
3.4.3  Petrogenesis of Sample 12013   
The three components of 12013 are related in that they intermingled within the same 
breccia, indicating the close proximity of their source regions on the Moon. However, the 
question remains whether, and how, the source regions of the components are petrogenetically 
related.  
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One complexity to understanding the formation of 12013 is the inclusion of large clasts 
of granite in the breccia. The formation mechanism of granite on the Moon is not well 
understood. At the sample level, evidence exists that SLI could cause the separation of a granitic 
fraction of melt (Roedder and Weiblen, 1970; Hess et al. 1975; Rutherford et al., 1976; Quick et 
al, 1977; Neal and Taylor, 1989; Jolliff, 1991). However, the SLI model may not be practical for 
the formation of large-scale granitic bodies on the Moon, such as the Gruithuisen Domes, which 
have been inferred through remote sensing to have a felsic composition (Head et al., 1978; 
Wilson and Head, 2003). In addition, while SLI experiments do show separation of a granitic 
melt fraction from an Fe-rich melt fraction, it has been repeatedly demonstrated that Th 
preferentially enters the Fe-rich melt, which is the opposite from what we see in lunar granites, 
which have elevated Th concentrations (e.g. Gullikson et al., 2016).  
SLI has been proposed as formation mechanism for 12013; Quick et al. (1977) used the 
distribution of the KREEP elements between the gray breccia, rich in granite, and the black 
breccia, as evidence for a possible cogenetic relationship through SLI, where the two melts 
cooled to form the groundmass of the black breccia and the granitic blebs. This work finds that 
the granitic component and REE-rich components have complementary deviations from the 
KREEP line in addition to complementary HREE patterns, both of which support a cogenetic 
relationship through SLI. In this scenario, as the parent melt became highly evolved, two 
immiscible melts would form – one rich in SiO2 and one rich in FeO and REE (particularly 
LREE) which would cool to form the granite and REE-rich components, respectively. However, 
this model does not align with the chemical compositions that occur in 12013. First, the granitic 
component has high concentrations of Th, which does not fit with the SLI model. Second, if SLI 
was the formation mechanism of the granitic and REE-rich components, we would expect the 
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mineral compositions between the two lithologies to be in equilibrium, which is not the case in 
12013. The pyroxene in the granitic component is significantly more Fe-rich than pyroxene in 
the REE-rich component (Fig. 3.10). Third, the REE-rich component is far too Mg-rich 
(Mg/(Mg+Fe) = 0.53; Table 3.5) to have been an immiscible melt pair with a granitic parent 
melt. One possibility to explain the Mg-rich nature of the REE-rich component is that the 
preserved lithology is an impact melt. It is possible that the SLI complement melt to the granite 
assimilated with an Mg-rich component when the REE-rich component was a melt after impact. 
Reverse zoning (higher Fe concentration in the core) in pyroxene that occurs in the REE-rich 
supports that pyroxene grains within the REE-rich component encountered a melt with a higher 
Mg-number. Overall, we find that there is not enough evidence in the chemistry of 12013 to 
support SLI alone as the formation mechanism for 12013. 
 Another possibility for the formation of 12013, which has been proposed for large-scale 
granite formation on the Moon (outcrop scale and larger, up to Gruithuisen domes), is bimodal 
volcanism (Hagerty et al., 2006). Remote sensing suggests that bimodal volcanism due to 
basaltic underplating could account for the close proximity of silicic and basaltic material on the 
Moon in locations such as Hansteen Alpha, the Gruithuisen domes, and the Aristarchus Plateau 
(Hagerty et al., 2006; Glotch et al., 2010; Zanetti et al., 2017). In this model partial melting of a 
cumulate source region heats the surrounding wall-rock as it intrudes, which then yields KREEP-
like magmas that may undergo fractional crystallization and gravity separation to result in melts 
with a granitic composition (Hagerty et al., 2006). The three lithologies of the 12013 breccia may 
fit into this model as follows: The mafic component may represent the partial melt of a mantle 
source region, which intrudes into the crust. The heat from the intrusion would cause partial 
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melting of the crust, giving the melt a KREEP component. Fractional crystallization, possibly 
coupled with some amount of SLI may yield the granitic and REE-rich components.  
3.5 Conclusions 
This data set provides key information about the components of the complex 12013 
breccia. The 12013 system can be broken down into three end-member compositions—a granitic 
component, a REE-rich component, and a mafic component. The granitic component has high 
concentrations of K, Ba, Th, U, Rb, and Cs, and has a bowl-shaped REE-pattern. The granitic 
component is dominated by intergrowths of K-feldspar and silica. Pyroxene is also a major 
crystallizing mineral in the granitic component. The REE-rich component is an impact-melt 
breccia with an LREE/HREE enrichment. The REE-rich component is composed primarily of 
plagioclase and pyroxene set within a matrix rich in incompatible trace elements. Although the 
REE variations suggest that the REE-rich component protolithology is a monzogabbro, a high-
Mg number indicates that this lithology is distinct from known monzogabbros. The high Mg 
number may be due to assimilation during the impact process. The mafic component is 
composed of plagioclase and pyroxene intergrowths, both within a “groundmass” and as 
preserved lithic clasts. The bulk composition of the preserved lithic clasts are not as mafic as the 
INAA results indicate, suggesting that a more mafic component occurs as a cryptic component 
within the groundmass. Mineral compositions and trace element chemistry indicate the 12013 
components could not have been formed by SLI alone. Instead, we suggest that bimodal 
volcanism may be the formation mechanism for the three components of 12013.   
118 
 
3.6 Acknowledgements 
This work was funded by NASA grant NNX14AI65G (RLK). I also thank Paul Carpenter for his 
assistance in using the electron microprobe and Steve Seddio for his insights into lunar granite.  
 
3.7 References Cited 
Albee A. L., Burnett, D. S., Chodos, A. A., Haines, E. L., Huneke, J. C., Papanastassiou, D. A., 
Podosek, F. A., Price, R. G. III, and Wasserburg, G. J. (1970) Mineralogic and isotopic 
investigations on lunar rock 12013. Earth and Planetary Science Letters 9, 137-163. 
Alexander E. C. Jr. (1970) Rare gases from stepwise heating from lunar rock 12013. Earth and 
Planetary Science Letters 9, 201-207. 
Anders E. and Grevesse N. (1989) Abundances of the elements: Meteoritic and solar. 
Geochimica et Cosmochimica Acta 53, 197-214. 
Anderson D. H. (1970) The preliminary examination and preparation of lunar sample 12013. 
Earth and Planetary Science Letters 9, 94-96. 
Bottino M. L., Fullagar P. D., Schnetzler C. C., and Philpotts J. A. (1971) Sr isotopic 
measurements in Apollo 12 samples. Proceedings of Lunar and Planetary Science 2, 
1487-1491. 
Burnett D. S., Monnin M., Seitz M. Walker R., Woolum D., Yuhas D. (1970) Charged particle 
track studies in lunar rock 12013 Earth and Planetary Science Letters 9, 127-136. 
Carpenter P. K., North S. N., Jolliff B. L., Donovan J. J. (2013) EPMA quantitative 
compositional mapping and analysis of lunar samples. Proceedings of Lunar and 
Planetary Science Conference 44th, Abstract no. 1827. 
119 
 
Drake M. J., McCallum I. S., McKay G. A., and Weill, D. F. (1970) Mineralogy and petrology of 
Apollo 12 sample no. 12013: A progress report. Earth and Planetary Science Letters 9, 
103-123.  
Dymek R. F., Albee A. L. and Chodos A. A. (1976) Petrology and origin of boulders #2 and #3, 
Apollo 17 station 2.  Proceedings of Lunar and Planetary Science Conference 7th, 2335-
2378. 
Gay P., Bown M. G., and Rickson K. O. (1970) Mineralogical studies of lunar rock 12013,10. 
Earth and Planetary Science Letters 9, 124-126.  
Glotch T. D., Lucey P. G., Banfield J. L., Greenhagen B. T., Thomas I. R., Elphic R. C., Bowles 
N., Wyatt M. B., Allen C. C., Donaldson Hanna K., Paige, D. A. (2010) Highly silicic 
compositions on the Moon. Science 329, 1510-1513.  
Gullikson A. L., Hagerty J. J., Reid M. R., Rapp J. F., Draper D. S. (2016) Silicic lunar 
volcanism: Testing the crustal melting model. American Mineralogist 101, 2312-2321. 
Hagerty J. J., Lawrence D. J., Hawke B. R., Vaniman D. T., Ephic R. C., and Feldman W. C. 
(2006) Refined thorium abundances for lunar red spots: Implications for evolved, 
nonmare volcanism on the Moon. Journal of Geophysical Research 111, E06002.  
Haines E. L., Albee A. L., Chodos A. A., and Wasserburg G. J. (1971) Uranium-bearing 
minerals of lunar rock 12013. Earth and Planetary Science Letters 12, 145-154. 
Head J. W., Hess P. C., and McCord T. B. (1978) Geologic characteristics of lunar highland 
volcanic domes (Gruithuisen and Marian Region) and possible eruption conditions. 
Lunar and Planetary Science IX, 488-490. Abstract.  
120 
 
Hess P. C., Rutherford M. J., Guillemette R. N., Ryerson F. J., and Tuchfeld, H. A. (1975) 
Residual products of fractional crystallization of lunar magmas: An experimental study. 
Proceedings of Lunar and Planetary Science Conference 6th, 895-909.  
Hubbard N. J., Gast P. W., and Wiesmann H. (1970) Rare earth, alkaline and alkali metal and 
87/86Sr data for subsamples of lunar sample 12013. 12013 Earth and Planetary Science 
Letters 9, 181-184. 
Hubbard N. J., Meyer C. Jr., Gast P. W., and Wiesmann H. (1971) The composition and 
derivation of Apollo 12 soils. Earth and Planetary Science Letters 10, 341-350 
James O. B. (1970) Petrology of lunar microbreccia 12013,6. USGS Interagency Report, 
Astrogeology, 23. 
James O. B. (1976) Petrology of aphanitic lithologies in consortium breccia 73215. Proceedings 
of Lunar and Planetary Science Conference 7th, 2145-2178. 
Korotev R. L. (1996) A self-consistent compilation of elemental concentration data for 93 
geochemical reference samples. Geostandards Newsletter 20, 217-245.  
Korotev R. L., Zeigler R. A., Jolliff B. L., Irving A. J., and Bunch, T. E. (2009) Compositional 
and lithological diversity among brecciated lunar meteorites of intermediate iron 
concentration. Meteoritics & Planetary Science. 44, 1287–1322. 
Korotev R. L., Jolliff B. L, Ziegler R. A., Seddio S. M., and Haskin L. A. (2011) Apollo 12 
revisited. Geochimica et Cosmochimica Acta 75, 1540-1573. 
Jolliff B. L. (1991) Fragments of quartz monzodiorite and felsite in Apollo 14 soil particles. 
Proceedings of Lunar and Planetary Science 21, 101-118.  
121 
 
Jolliff B. L. (1998a) Large-scale separation of K-frac and REEP-frac in the source regions of 
Apollo impact-melt breccias, and a revised estimate of the KREEP composition. 
International Geology Review 40, 135-154. 
Jolliff B. L., Floss C., McCallum I. S., and Schwartz J. M. (1999) Geochemistry, petrology, and 
cooling history of 11161,7373: A plutonic lunar sample with textural evidence of 
granitic-fraction separation by silicate-liquid immiscibility. American Mineralogist 84, 
821-837. 
Jolliff B. L., Hughes J. M., Freeman J. J., and Zeigler R. A. (2006) Crystal chemistry of lunar 
merrillite and comparison to other meteoritic and planetary suites of whitlockite and 
merrillite. American Mineralogist 91, 1583-1595. 
Laul J. C., Keays R. R., Ganapathy R., and Anders E. (1970). Abundance of 14 trace elements in 
lunar rock 12013,10. Earth and Planetary Science Letters 9, 211-215. 
Lunar Receiving Laboratory (1970a) Apollo 12 Lunar Sample Information Catalog. Science and 
Applications Directorate (#MSC-01512), Manned Spacecraft Center, NASA, Houston, 
Texas. 
Lunar Receiving Laboratory (1970b) Apollo 12 Preliminary Science Report, NASA SP-235. 
Lunar Sample Preliminary Examination Team. (1970) Preliminary examination of lunar samples 
from Apollo 12. Science 167, 1325-1339. 
The Lunar Sample Compendium: http://curator.jsc.nasa.gov/lunar/lsc/index.cfm  
Ma, M.-S., Murali, A. V., Schmitt, R. A., Quick, J. E., and Albee, A. L. (1977) Major, Minor and 
Trace Element Compositions of Two Petrologically Significant Lithologies in 12013 
Abstracts of the Lunar and Planetary Science Conference 8, 602-604. 
122 
 
Meyer C. and Hubbard N. J. (1970) High potassium, high phosphorus glass as an important rock 
type in the Apollo 12 soil samples. Meteoritics 5, 210-211. 
Morgan J. W., and Ehmann W. D. (1970) Lunar rock 12013: O, Si, Al and Fe abundances. Earth 
and Planetary Science Letters 9, 164-168. 
Neal C. R. and Taylor L. A. (1989) Metasomatic products of the lunar magma ocean: The role of 
KREEP dissemination. Geochimica et Cosmochimica Acta 10, 2965-2980. 
Turner, G. (1970) 40Ar – 39Ar age determination of lunar rock 12013. Earth and Planetary 
Science Letters 9, 177-180. 
Quick J. E., and Albee A. L. (1976) 12013 revisited – two clast-laden melts. Abstracts of the 
Lunar and Planetary Science Conference 7, 712-714. 
Quick J. E., Albee A. L., Ma M.-S., Murali A. V., and Schmitt R. A. (1977) Chemical 
compositions and possible immiscibility of two silicate melts in 12013. Proceedings of 
Lunar and Planetary Science Conference 8th, 2153-2189. 
Quick J. E., James O. B., Albee A. L. (1981a) Petrology and petrogenesis of lunar breccia 12013. 
Proceedings of Lunar and Planetary Science 12B, 117-172. 
Quick J. E., James O. B., Albee A. L. (1981b) A reexamination of the Rb-Sr isotopic systematics 
of lunar breccia 12013. Proceedings of Lunar and Planetary Science 12B, 173-184. 
Roedder E. and Weiblen P. W. (1970) Silicate liquid immiscibility in lunar magmas, evidenced 
by melt inclusions in lunar rocks. Science 167, 641-644. 
Rutherford M. J., Hess P. C., Ryerson F. J., Campbell H. W., and Dick P. A. (1976) The 
chemistry, origin and petrogenetic implications of lunar granite and monzonite. 
Proceedings of Lunar and Planetary Science Conference 7th, 1723-1740.  
123 
 
Schnetzler C. C., Philpotts J. A., and Bottino M. L. (1970) Li, K, Rb, Sr, Ba and rare-earth 
concentrations and Rb-Sr age of lunar rock 12013. Earth and Planetary Science 
Letters 9, 185-192. 
Seddio S. M., Jolliff  B. L., Korotev R. L. and Zeigler R. A. (2013) Petrology and geochemistry 
of lunar granite 12032,366-19 and implications for lunar granite petrogenesis. American 
Mineralogist 98, 1697–1713.  
Shih, C.-Y., Nyquist, L. E., and Wiesmann, H. (1994) K-Ca chronology of lunar granites. 
Geochimica et Cosmochimica Acta 57, 4827-4841. 
Shoemaker E. M., Baston R. M., Bean A. L., Conrad C. Jr., Dahlem D. H., Goddard E. N., Hair 
M. H., Larson K. B., Schaber G. G., Schleicher D. L., Sutton R. L., Swann G. A., and 
Waters A. C. (1970) Geology of the Apollo 12 landing site. In Apollo 12 Preliminary 
Science Report, NASA SP-235, p. 10-113 to 10-156.   
Tatsumoto M. (1970) U-Th-Pb age of Apollo 12 rock 12013. Earth and Planetary Science 
Letters 9, 193-200. 
Taylor G. J., Warner R. D., Keil K., Ma M.-S., and Schmitt R. A. (1980) Silicate liquid 
immiscibility, evolved lunar rocks and the formation of KREEP. Conference on the 
Lunar Highlands Crust, 339-352. 
Thiessen F., Nemchin, A. A., Whitehouse M. J., Snape, J. F., and Bellucci, J. J. (2016) Apollo 12 
breccia 12013: Comparison and interpretation of U-Pb SIMS ages of Ca-phosphates and 
zircon. Proceedings of Lunar and Planetary Science Conference 47th, Abstract no. 1830. 
Warren P. H., Taylor G. J., Keil K., Shirley D. N., and Wasson J. T. (1983) Petrology and 
chemistry of two “large” granite clasts from the Moon.  Earth and Planetary Science 
Letters 64, 175-185. 
124 
 
Warren P. H. (1989) KREEP: Major-element diversity, trace-element uniformity (almost). 
Workshop on Moon in transition: Ap. 14, KREEP, and evolved lunar rocks, Rpt. 89-03, 
149-153. 
Wakita H. and Schmitt R. A. (1970) Elemental abundances in seven fragments from lunar rock 
12013. Earth and Planetary Science Letters 9, 169-176. 
Wieczorek M. A., Jolliff B. L., Khan A., Pritchard M. E., Weiss B. P., Williams J. G., Hood L. 
L., Righter K., Neal C. R., Shearer C. K., McCallum I. S., Tompkins S., Hawke B. R., 
Peterson C., Gillis J. J., and Bussey B. (2006) Chapter 3. The Constitution and Structure 
of the Lunar Interior, New Views of the Moon (editors B. L. Jolliff, M. A. Wieczorek, C. 
K. Shearer, and C. R. Neal), 221-364, Reviews in Mineralogy and Geochemistry 60, 
Chantilly, VA, Mineralogical Society of America, ISBN: 0-939950-72-3 
Wilson L. and Head J. W. (2003) Lunar Gruithuisen and Marian domes: Rheology and mode of 
emplacement. Journal of Geophysical Research Planets 108, 5012. 
Zanetti, M., Jolliff B. L., Shirley K., Glotch T. D., Hagerty J. J., and Gullikson A. L. (2017) 
Aristarchus Plateau large igneous province: The case for bi-modal volcanism. Lunar and 
Planetary Science XLVIII, abstract 2320.  
Zhang A-C, Taylor L. A., Wang R-C, Li Q-L, Li X-A, Patchen A. D., Liu Y. (2012) Thermal 
history of Apollo 12 granite and KREEP-rich rock: Clues from Pb/Pb ages of zircon in 
lunar breccia 12013. Geochimica et Cosmochimica Acta, 95, 1-14. 
  
125 
 
Chapter 4: Comparing Methods for 
Determining Petrogenetic Relationships 
 
 The work contained within this dissertation focuses on the geochemical and petrogenetic 
relationships among various lunar samples and the lithologies contained within these samples. 
Several methods were used to trace the relationships and evolution of lunar samples, including 
using mineral chemistry, bulk rock compositions and petrogenetic modeling. This chapter 
discusses and reflects on the merits of each technique and draws conclusions relative to 
petrogenetic relationships in both the NWA773 clan meteorites and the 12013 breccia. 
4.1 Mineral Chemistry 
Mineral chemistry is invaluable in determining relationships both among lithologies and 
among different samples. The work presented in Chapter 2 is dependent on relating mineral 
chemistry among the various lithologies of the NWA 773 clan meteorites. The similarity of 
major- and minor-element compositions of pyroxene, plagioclase, and olivine in the gabbroic 
lithologies among the different meteorites strongly support the hypothesis that the meteorites are 
related to each other, despite large distances between reported find locations on Earth. Mineral 
chemistry is a primarily characteristic used as a recorder of crystallization in a magmatic system. 
Lunar samples become increasingly ferroan (lower Mg/(Mg+Fe)) as crystallization progresses. 
Pyroxene chemistry is particularly useful to trace the evolution of a magmatic system as this 
mineral occurs in nearly all lunar samples. Variations in major element (Mg, Fe, Ca) and minor 
element (Al, Cr, and Ti) compositions in pyroxene as crystallization progresses indicate that the 
gabbroic lithologies in the NWA 773 are related to each other and these variations trace the 
126 
 
evolution of a magmatic system from the early-formed, magnesian olivine gabbro, through the 
anorthositic gabbro, to the late-stage ferroan gabbro.  
 In Chapter 3, mineral chemistry is used to test for a relationship among the different 
lithologies that compose the breccia. We test the hypothesis that the REE-rich and granitic 
lithologies are related through silicate liquid immiscibility (SLI). During SLI, one very Fe-rich 
melt begins to split into two complementary melts, one Fe-rich and one Si-rich that are in 
thermodynamic equilibrium with each other. Because these melts are in equilibrium, the minerals 
that crystallize from them should also be in equilibrium. We found that pyroxene in the 12013 
granitic lithologic component is significantly more ferroan than pyroxene in the REE-rich 
lithologic component, indicating that these two lithologies are not in equilibrium and therefore a 
relationship by SLI is not supported.  
 
Figure 4.1. Quantitative compositional maps of a ferroan clast, outlined in white, and surrounding 
breccia in NWA 3170. Plg = plagioclase, Pyx = pyroxene, Olv = olivine, and Sym = symplectite.   
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4.2 Bulk Rock Chemistry 
 There are several different ways to acquire a bulk composition of a geologic sample. 
Both studies reported in this dissertation use instrumental neutron activation analysis (INAA) as 
a means to obtain the bulk composition of lunar rock fragments. INAA is used primarily to 
obtain trace-element concentrations, as only a subset of the major and minor elements are 
measured by INAA (i.e., Fe, Ca, Cr, Na, K, Ba, and Zr). As seen in Chapter 2 and Chapter 3, 
bulk compositions determined by sampling many rock fragments using INAA are useful in 
determining the different components of a geologic system, even though the major-element 
composition is incomplete. In addition to INAA, my work uses mineral compositions coupled 
with mineral proportions to calculate the bulk composition of a sample. 
 In work reported in this dissertation, two methods of obtaining bulk compositions were 
used, modal recombination and quantitative compositional mapping. The first method, modal 
recombination, is done by analyzing images of polished thin or thick sections of the sample to 
obtain mineral proportions. This process primarily uses backscattered electron images, in which 
different minerals exhibit different brightness ranges, and X-ray images determined with EPMA 
 
Figure 4.2 Compositions of pyroxene done by spot analyses (left) and quantitative compositional 
mapping (right) in a ferroan gabbro clast in NWA 3170 in terms of end member compositions.  
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to classify minerals according to mineral composition and then determine proportions. For these 
determinations, I used image processing programs PhotoshopTM and EnviTM. Then, using the 
mineral proportions, average mineral compositions, and nominal mineral densities, the bulk 
composition of the analyzed region is calculated using a simple mass balance. Modal 
recombination is a useful technique when minerals are coarse grained and chemical zoning is 
limited. However, lunar samples are commonly fine-grained and exhibit extensive mineral 
zoning. In such cases, quantitative compositional mapping is particularly useful.  
Quantitative compositional mapping is a newly developed method where fully 
quantitative compositional maps are generated using EPMA (Carpenter et al., 2013). For each 
quantitative compositional map a conventional WDS calibration is done using Probe for 
EPMATM (Probe Software), allowing direct comparison of compositional data from quantitative 
compositional maps with data from spot analyses. WDS background subtraction is made using 
the calibrated mean atomic number (MAN) method. A full Φ(ρz) correction, relative to a set of 
 
Figure 4.3. X-ray composite map of a eutectoid intergrowth that occurs in the breccia of NWA 2727, 
where Al is in the red channel, Mg, green, and Fe, blue. Pyroxene, olivine, and ilmenite appear blue, 
plagioclase appears red, and silica appears black. 
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standards, is calculated at each pixel using CalcImage and the resulting data sets are visualized 
using Surfer (Golden Software). 
Quantitative compositional mapping is particularly useful on fine-grained clasts or when 
minerals show extensive chemical zoning. For example, pyroxene in the ferroan gabbro lithology 
of NWA 3170 exhibits extensive Mg-Fe zoning (Fig 4.1). Quantitative compositional mapping 
provides a full chemical analysis at each pixel and therefore quantifies the extent of chemical 
zoning more completely than can practically be done with WDS spot analyses (Fig. 4.2). As 
such, quantitative compositional mapping provides an improved understanding of compositional 
variation in lithic clasts, and an improved basis for comparison between lithic clasts in the two 
different lunar samples. As exemplified in Chapter 3, quantitative compositional mapping can 
also be used to compute the bulk composition of the mapped region, which is done by cluster 
analysis of the compositional data to determine phase fractions and applying a density correction 
for each phase (Carpenter et al., 2013). 
 A comparison of the modal recombination and quantitative compositional mapping 
techniques yields similar results, indicating that both methods are valid in determining the bulk 
compositions of lithic clasts. For this comparison, we used a eutectoid intergrowth that occurs in 
the breccia of NWA 2727. This clast is a fine-grained intergrowth of 5 phases (plagioclase, 
pyroxene, olivine, ilmenite, and silica) that exhibit little chemical zoning, making it ideal for 
quantitative compositional mapping (Fig. 4.3). Table 4.1 shows the results of a nine-element 
bulk-composition analysis of the eutectoid intergrowth, done by both modal recombination and 
quantitative compositional mapping. There is good agreement in the concentration of most 
elements between the two methods. As such, we conclude that both methods can be used to 
estimate the bulk composition of a multiphase lithic clast when the minerals do not exhibit 
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extensive chemical zoning. However, when mineral-chemical zoning occurs in a lithic clast, 
quantitative compositional mapping likely provides a more accurate bulk composition, as it 
captures the full extent of mineral compositional zoning.  
  
4.3 Petrologic Modeling 
 Petrologic modeling can also be used to test for relationships among various lithologies. 
In this work, petrologic modeling of the NWA 773 clan lithologies was done using the 
crystallization program MELTS with the intent of determining if the NWA 773 clan lithologies 
can be related along a common liquid line of descent (Gualda et al., 2012; Ghiorso et al., 2015). 
Our results showed that the olivine gabbro and olivine phyric basalt lithologies can be related 
along the same liquid line of descent, and that they have a shared parent melt, with a composition 
similar to that of the Apollo 14 green glass type B1 (Shearer and Papike, 1993). However, a 
Table 4.1 Bulk composition of eutectoid intergrowth (wt%) 
 Modal 
Recombination 
Compositional 
Mapping 
SiO2 47.7 48.3 
TiO2 1.81 1.48 
Al2O3 16.1 15.5 
FeO 18.9 21.4 
MnO 0.25 0.33 
MgO 2.05 2.65 
CaO 12.1 11.8 
Na2O 0.42 0.44 
K2O 0.12 0.14 
Sum 99.5 102.1 
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simple equilibrium crystallization model fails to produce residual melts that can adequately 
explain major mineral compositions and inferred bulk compositions of the anorthositic gabbro 
and ferroan gabbro lithologies along this same liquid line of descent. This result is obtained 
perhaps because the simple equilibrium petrologic model oversimplifies the reality of the 
magmatic system. The real geologic system likely includes some combination of both 
equilibrium crystallization and fractional crystallization. Density differences between minerals 
and Fe-rich residual melt in a magma chamber setting (as for the NWA 773 clan gabbroic 
lithologies) may lead to drainage of residual melt from the shallowest plagioclase cumulates 
(anorthositic gabbro) and accumulation of such melt in deeper cumulates or in isolated late-stage 
pockets. Such redistribution of residual melt and final crystallization and equilibration would 
complicate the simple petrologic model. Future petrologic modeling using more complex 
scenarios and coupling variations in equilibrium and fractional crystallization is needed to further 
model the NWA 773 magmatic system. 
4.4 Tracing Relationships 
Each of the above methods can be used to determine geochemical and petrologic 
relationships among lithologies and samples, and each method has strengths and weaknesses. For 
example, considerations of both the bulk composition (by modal recombination) and mineral 
chemistry of different lithologies were used in Chapter 2 to demonstrate that the anorthositic 
gabbro is the same lithology in three different meteorites in which it occurs. However, there can 
be disagreement among the methods when testing for a petrologic relationship among 
lithologies. In Chapter 2, pyroxene chemistry indicates the progression of crystallization among 
the gabbroic lithologies. However, petrologic modeling failed to place the anorthositic and 
ferroan gabbro lithologies along the same liquid line of descent at the olivine gabbro. Overall, in 
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this work I find mineral chemistry to be the better recorder of petrologic relationships among 
samples and lithologies, especially in the case of lithologies that have accumulated one or more 
minerals relative to the mineral proportions that would characterize (or result from solidification 
of) equilibrium melts.  In the case of the complex 12013 breccia, mineral compositions appear to 
be a robust arbiter of possible petrogenetic relationships and indicate that the relationships 
between granitic, REE-rich, and mafic lithologic components are not simply complementary 
liquids related by silicate-liquid immiscibility.    
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Appendix A: Representative Mineral 
Analyses of the NWA 773 Clan Gabbroic 
Lithologies 
 
Table A.1. Representative pyroxene analyses in ferroan gabbro 
 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
773 
NWA 
773 
SiO2 52.6 51.3 47.1 47.9 51.0 46.5 46.9 49.4 46.2 46.8 
TiO2 0.18 0.44 0.61 1.07 0.20 0.95 1.04 0.43 0.48 0.99 
Al2O3 0.87 2.14 0.57 3.34 0.85 0.91 0.98 0.96 0.25 0.95 
Cr2O3 0.52 0.88 <0.04 0.58 0.27 0.05 <0.04 0.21 <0.04 <0.04 
FeO 20.8 13.3 41.5 26.5 24.4 38.3 32.9 28.3 45.3 31.1 
MnO 0.43 0.26 0.50 0.43 0.46 0.59 0.36 0.46 0.48 0.32 
NiO <0.04 <0.04 <0.04 <0.04 n.a. n.a. n.a. n.a. n.a. n.a. 
MgO 19.1 14.1 3.39 11.0 15.7 3.55 1.67 10.2 0.81 0.63 
CaO 5.70 17.11 5.98 8.49 6.37 8.69 16.2 9.04 6.40 18.8 
SrO n.a. n.a. n.a. n.a. <0.04 0.06 0.04 <0.04 <0.04 <0.04 
BaO 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 
Na2O 0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.03 
K2O <0.01 <0.01 <0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
P2O5 0.01 <0.01 0.02 0.08 <0.01 <0.01 <0.01 0.01 0.01 0.04 
Total 100.3 99.6 99.7 99.4 99.3 99.6 100.1 99.0 99.9 99.7 
Mg/(Mg+Fe) 0.50 0.65 0.13 0.42 0.53 0.14 0.08 0.39 0.03 0.03 
Wo 19 32 16 21 14 22 36 22 16 42 
En 41 44 11 33 46 11 5 31 3 2 
Fs 40 23 73 45 40 67 59 48 81 56 
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Table A.1. Representative pyroxene analyses in ferroan gabbro (continued) 
 
NWA 
773 
NWA 
773 
NWA 
3160 
NWA 
3160 
NWA 
3160 
NWA 
7007 
NWA 
7007 
NWA 
7007 
NWA 
7007 
SiO2 46.8 46.5 47.0 47.0 47.2 52.0 46.4 50.1 48.4 
TiO2 1.29 0.84 0.82 0.91 0.99 0.19 1.29 0.48 0.53 
Al2O3 1.42 0.95 0.83 1.02 1.07 1.12 1.43 1.15 0.85 
Cr2O3 <0.04 <0.04 <0.04 0.07 <0.04 0.33 0.04 0.25 0.15 
FeO 30.0 36.1 37.0 37.0 31.4 21.3 31.2 22.7 30.9 
MnO 0.31 0.36 0.45 0.51 0.32 0.36 0.29 0.35 0.49 
NiO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
MgO 1.80 1.30 3.35 2.47 1.58 17.7 1.29 10.1 7.75 
CaO 17.8 13.5 9.9 11.0 17.5 6.76 17.5 14.4 9.65 
SrO <0.04 <0.04 <0.04 0.05 0.08 <0.04 <0.04 <0.04 <0.04 
BaO 0.01 <0.01 <0.01 0.02 0.03 0.04 0.01 0.05 0.06 
Na2O 0.05 0.04 0.04 0.04 0.05 <0.03 0.07 0.03 0.04 
K2O 0.01 0.02 0.01 0.05 0.01 <0.01 <0.01 <0.01 0.01 
P2O5 <0.01 0.06 <0.01 0.01 0.02 <0.01 0.03 <0.01 <0.01 
Total 99.5 99.7 99.4 99.7 100.2 99.8 99.6 99.6 98.9 
Mg/(Mg+Fe) 0.13 0.06 0.14 0.11 0.08 0.60 0.07 0.44 0.31 
Wo 40 30 25 28 39 15 39 30 24 
En 8 4 10 8 5 51 4 31 24 
Fs 52 65 65 64 56 34 57 39 53 
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Table A.2. Representative plagioclase analyses in ferroan gabbro 
 
NWA 2727 NWA 2727 NWA 2727 NWA 3170 NWA 3170 NWA 3170 NWA 773 
SiO2 49.2 50.5 49.6 44.4 48.5 45.9 48.9 
TiO2 0.06 <0.03 0.04 <0.03 0.05 <0.03 0.15 
Al2O3 29.9 30.9 31.7 36.0 32.3 34.4 32.1 
Cr2O3 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
FeO 1.13 0.91 1.11 0.44 0.68 0.65 1.30 
MnO <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
NiO <0.04 0.04 <0.04 n.a. n.a. n.a. n.a. 
MgO 0.03 0.18 0.03 0.05 0.01 0.02 <0.01 
CaO 15.2 15.3 15.3 19.2 15.7 18.0 15.5 
SrO n.a. n.a. n.a. <0.04 <0.04 <0.04 0.08 
BaO 0.25 0.27 0.28 <0.08 <0.08 <0.08 0.13 
Na2O 1.66 2.06 1.85 0.55 2.18 1.31 2.20 
K2O 1.25 0.93 0.76 0.06 0.41 0.16 0.54 
P2O5 0.08 0.01 <0.01 0.02 0.04 0.02 0.02 
Sum 98.7 101.1 100.6 100.7 99.9 100.4 101.0 
Ab 77 76 78 95 78 88 77 
An 15 18 17 5 20 11 20 
Or 8 5 5 0 2 1 3 
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Table A.2. Representative plagioclase analyses in ferroan gabbro (continued) 
 
NWA 773 NWA 773 NWA 3160 NWA 3160 NWA 7007 NWA 7007 NWA 7007 
SiO2 44.6 47.2 48.4 49.3 50.9 44.1 46.0 
TiO2 <0.03 0.05 0.05 0.03 <0.03 <0.03 <0.03 
Al2O3 35.3 33.2 32.3 32.0 31.0 36.1 33.7 
Cr2O3 <0.04 <0.04 <0.04 <0.04 <0.04 0.04 <0.04 
FeO 0.77 1.22 0.78 0.84 0.72 0.33 0.60 
MnO <0.04 <0.04 <0.04 <0.04 <0.04 0.05 <0.04 
NiO n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
MgO 0.02 <0.01 0.05 <0.01 <0.01 <0.01 0.03 
CaO 18.8 17.2 16.3 16.1 14.4 19.2 17.4 
SrO 0.05 <0.04 0.18 0.12 0.09 0.06 0.09 
BaO <0.08 <0.08 <0.08 <0.08 0.19 <0.08 <0.08 
Na2O 0.70 1.28 1.64 1.69 2.73 0.56 1.39 
K2O 0.11 0.40 0.47 0.66 0.72 0.07 0.17 
P2O5 0.07 0.05 <0.01 <0.01 0.02 0.01 <0.01 
Sum 100.4 100.6 100.2 100.7 100.7 100.6 99.4 
Ab 93 86 82 81 71 95 86 
An 6 12 15 15 24 5 13 
Or 1 2 3 4 4 0 1 
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Table A.3. Representative K-feldspar analyses in ferroan gabbro 
 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
773 
SiO2 56.5 57.1 61.1 59.3 61.1 58.8 57.8 57.4 59.5 
TiO2 0.12 0.11 0.10 0.08 0.08 0.08 0.05 0.06 0.19 
Al2O3 21.4 21.5 20.0 20.6 19.8 20.9 20.6 21.0 19.3 
Cr2O3 <0.04 <0.04 <0.04 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 
FeO 0.20 0.21 0.33 0.22 0.19 0.20 0.19 0.18 2.22 
MnO <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
NiO <0.04 <0.04 <0.04 <0.04 n.a. n.a. n.a. n.a. n.a. 
MgO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 
CaO 0.46 0.47 0.27 0.30 0.33 0.27 0.28 0.54 1.06 
SrO n.a. n.a. n.a. n.a. 0.09 0.11 0.10 <0.04 0.10 
BaO 9.78 10.14 5.17 6.75 2.28 5.94 6.49 7.99 5.36 
Na2O 0.19 0.19 0.18 0.23 0.70 0.67 0.68 0.70 0.57 
K2O 12.4 12.1 14.2 13.9 14.8 13.4 13.2 11.5 9.81 
P2O5 0.04 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.02 
Sum 101.2 101.8 101.4 101.4 99.4 100.3 99.4 99.4 98.2 
Ab 2 2 1 2 2 1 1 3 7 
An 2 2 2 2 6 6 6 7 7 
Or 77 76 87 84 88 81 80 74 74 
Cn 19 20 10 13 4 11 12 16 12 
 
  
138 
 
Table A.4. Representative olivine analyses in ferroan gabbro 
 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
773 
NWA 
773 
NWA 
773 
NWA 
3160 
NWA 
7007 
NWA 
7007 
NWA 
7007 
SiO2 29.0 29.1 29.2 29.4 29.6 29.9 30.7 29.5 29.6 28.8 
TiO2 0.11 0.08 0.15 0.10 0.07 0.32 0.09 0.08 0.14 0.10 
Al2O3 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.12 0.03 <0.02 0.05 
Cr2O3 <0.04 0.04 0.09 <0.04 <0.04 <0.04 <0.04 <0.04 0.06 <0.04 
FeO 68.2 67.7 68.1 68.1 68.0 66.9 65.8 67.4 67.2 64.7 
MnO 0.73 0.82 0.71 0.71 0.75 0.68 0.70 0.69 0.77 0.79 
MgO 0.74 0.86 0.68 0.46 0.48 1.94 1.42 1.00 1.09 1.53 
CaO 0.48 0.53 0.50 0.46 0.48 0.29 0.25 0.37 0.45 2.25 
SrO <0.04 0.07 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.08 0.05 
BaO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 
Na2O <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
K2O <0.01 <0.01 <0.01 0.01 0.01 0.01 0.05 0.01 <0.01 <0.01 
P2O5 0.03 0.09 0.12 0.04 0.09 0.21 0.15 0.10 0.17 0.20 
Total 99.3 99.3 99.6 99.3 99.5 100.3 99.5 99.1 99.5 98.5 
Fo 2 2 2 1 1 5 4 3 3 4 
Fa 98 98 98 99 99 95 96 97 97 96 
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Table A.5. Representative pyroxene analyses in anorthositic gabbro 
 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
2727 
NWA 
3170 
NWA 
3170 
NWA 
3170 
NWA 
3170 
SiO2 51.8 50.3 47.6 50.2 50.5 48.1 51.2 51.1 
TiO2 0.20 0.20 1.04 0.38 0.35 0.85 0.23 0.39 
Al2O3 1.64 0.96 4.11 2.77 1.22 1.30 1.56 2.45 
Cr2O3 0.85 0.26 0.51 0.91 0.56 0.23 0.80 1.14 
FeO 18.0 25.0 22.1 15.1 23.7 32.7 19.2 12.0 
MnO 0.37 0.41 0.33 0.31 0.43 0.49 0.38 0.30 
MgO 19.8 15.6 11.7 14.3 14.5 8.19 18.7 14.5 
CaO 7.10 6.02 11.5 15.5 8.24 7.85 6.39 17.6 
SrO <0.05 <0.05 <0.05 0.06 0.06 <0.05 <0.05 <0.05 
BaO <0.08 0.09 <0.08 0.37 <0.08 <0.08 <0.08 <0.08 
Na2O <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 
K2O <0.01 <0.01 <0.01 0.01 <0.01 0.01 0.01 <0.01 
P2O5 <0.01 0.01 0.01 <0.01 <0.01 0.02 0.02 0.01 
Total 99.8 98.8 99.0 99.9 99.6 99.8 98.5 99.5 
Mg/(Mg+Fe) 0.66 0.53 0.49 0.63 0.52 0.31 0.63 0.68 
Wo 14 13 26 28 18 20 14 33 
En 57 46 36 45 43 25 54 46 
Fs 29 41 38 27 39 56 31 21 
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Table A.6. Representative plagioclase analyses in anorthositic gabbro 
 
NWA 2727 NWA 2727 NWA 2727 NWA 3170 NWA 3170 NWA 3170 
SiO2 44.8 44.7 45.0 46.1 45.8 45.4 
TiO2 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 
Al2O3 35.4 35.1 35.5 34.1 34.1 34.7 
Cr2O3 0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
FeO 0.55 0.68 0.69 0.55 0.72 0.49 
MnO <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
MgO 0.16 0.10 0.19 0.31 0.29 0.27 
CaO 19.2 18.7 19.0 18.4 18.5 18.8 
SrO <0.05 0.10 0.07 <0.05 0.05 0.08 
BaO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 
Na2O 0.65 0.71 0.65 0.83 0.77 0.69 
K2O 0.08 0.15 0.13 0.04 0.05 0.03 
P2O5 0.01 0.04 0.03 0.02 0.01 0.01 
Sum 100.9 100.2 101.2 100.4 100.4 100.5 
Ab 94 93 93 92 93 94 
An 6 6 6 7 7 6 
Or 0 1 1 0 0 0 
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Table A.7. Pyroxene analyses in olivine gabbro in NWA 7007 
SiO2 50.4 51.0 51.0 50.2 50.9 52.6 
TiO2 1.12 0.49 0.24 0.43 0.44 0.19 
Al2O3 1.51 1.89 0.84 3.12 2.76 1.12 
Cr2O3 0.41 0.54 0.37 1.23 1.19 0.57 
FeO 16.6 21.2 23.5 10.1 12.8 17.4 
MnO 0.30 0.41 0.39 0.20 0.26 0.30 
MgO 13.4 16.3 17.6 14.5 16.2 20.3 
CaO 15.4 7.60 4.85 18.8 14.5 6.46 
SrO <0.04 <0.04 <0.04 <0.04 0.05 0.11 
BaO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 
Na2O 0.07 <0.02 0.03 0.06 0.04 0.03 
K2O <0.01 <0.01 <0.01 0.01 <0.01 0.01 
P2O5 0.01 <0.01 <0.01 <0.01 <0.01 0.01 
Total 99.2 99.5 98.8 98.7 99.1 99.2 
Mg/(Mg+Fe) 0.59 0.58 0.57 0.72 0.69 0.67 
Wo 31 18 11 34 26 15 
En 41 48 51 47 51 58 
Fs 28 35 38 18 23 28 
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Table A.8. Olivine analyses of olivine gabbro in NWA 7007 
SiO2 34.3 34.4 34.9 35.5 34.5 
TiO2 <0.03 0.06 0.09 0.06 0.03 
Al2O3 <0.02 0.03 0.03 0.05 0.05 
Cr2O3 0.05 <0.04 0.05 0.07 0.08 
FeO 44.2 44.0 41.2 37.2 41.7 
MnO 0.48 0.50 0.46 0.38 0.44 
MgO 21.1 20.4 22.7 25.3 22.1 
CaO 0.30 0.27 0.25 0.23 0.61 
SrO <0.04 <0.04 0.10 0.07 <0.04 
BaO <0.08 <0.08 <0.08 <0.08 <0.08 
Na2O <0.03 0.04 <0.03 <0.03 <0.03 
K2O <0.01 <0.01 0.01 <0.01 <0.01 
P2O5 0.02 <0.01 <0.01 0.04 0.06 
Total 100.5 99.7 99.8 98.8 99.6 
Fo 46 45 49 55 49 
Fa 54 55 51 45 51 
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Appendix B: Analyses of the Melt Inclusions 
of the Ferroan Gabbro in the NWA 773 Clan 
 
Table B.1. Melt Inclusions in the ferroan gabbro of NWA 3170 
  Analysis 1 Analysis 2 Analysis 3 Analysis 4 Average 
SiO2 81.1 61.8 88.4 81.0 78.0 
TiO2 0.13 0.05 0.08 0.13 0.11 
Al2O3 12.5 18.3 8.1 11.6 12.6 
Cr2O3 <0.04 <0.04 <0.04 <0.04 <0.04 
FeO 1.58 1.01 1.10 1.47 1.35 
MnO <0.04 <0.04 <0.04 0.06 <0.04 
MgO <0.02 <0.02 <0.02 <0.02 <0.02 
CaO 0.50 4.19 3.76 0.49 1.88 
SrO 0.04 0.11 0.07 0.11 0.08 
BaO 1.23 0.12 0.02 0.67 0.64 
Na2O 0.17 0.57 0.36 0.61 0.49 
K2O 2.74 13.1 0.10 6.60 5.83 
P2O5 0.04 0.07 0.03 0.03 0.04 
Sum 100.1 99.4 102.0 102.8 101.0 
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Table B.2. Melt Inclusions in the Ferroan gabbro of NWA 773 
  
Analysis 
1 
Analysis 
2 
Analysis 
3 
Analysis 
4 
Analysis 
5 
Analysis 
6 
Analysis 
7 
Average 
SiO2 77.3 80.1 77.4 77.0 76.4 76.9 77.8 77.6 
TiO2 0.49 0.44 0.46 0.42 0.44 0.44 0.44 0.45 
Al2O3 11.9 13.0 12.3 12.0 12.1 11.7 12.5 12.21 
Cr2O3 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
FeO 1.26 1.49 1.24 1.17 1.01 1.49 1.48 1.31 
MnO 0.05 <0.04 <0.04 0.04 <0.04 <0.04 <0.04 <0.04 
MgO <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 
CaO 0.46 0.44 0.38 0.42 0.27 0.67 0.46 0.44 
SrO 0.06 0.05 0.06 0.02 0.02 0.09 0.06 0.05 
BaO 0.08 0.25 0.18 0.15 0.74 0.19 0.07 0.24 
Na2O 0.42 0.18 0.19 0.21 0.29 0.37 0.23 0.27 
K2O 9.39 6.57 7.93 7.50 9.87 9.50 8.62 8.48 
P2O5 0.12 0.09 0.05 0.14 0.11 0.10 0.15 0.11 
Sum 101.6 102.6 100.1 99.1 101.3 101.5 101.9 101.1 
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